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STUDY ON THE PERFORMANCE OF BALL BEARINGS

AT HIGH dn VALUES w

Yukio Miyakawa *_, Katsuml Seki _m, and

Masayuki Yokoyama mm

CHAPTER I. INTRODUCTION

Roller bearings are being _sed increasingly in high speed rotat- /2 mlm

ing machines such as gas turbines and superchargers. Wear and failure

of roller bearings have become a ve_y serious problem. The dn value

(d is bore diameter of the bearing in mm, and n is shaft speed in

rpm), which is commonly used as a criterion for the limiting speed

of the roller bearing, is a comparative value of the peripheral speed

of the roller bearing, and should be considered as a variation of the

pV value (p is average bearing pressure, and V is the pei_ipheral o

speed), Which indicates the severity of the sliding friction portions

inside the roller bearing _13. Since the pV value of the slider bear-

ing is affected by the method of lubrication, the dn value is also

greatly affected by the lubrication method. Consequently, it is dif-

ficult to uniformly prescribe the limiting dn value for the lubrication

m
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_ method which encompasses a broad range of techniques, such as forced

lubrication and Jet lubrication. Currently, used high dn values are

in the neighborhood of 200 x l0 . In the near future, dn values of

:i 300 x l04 or more will be required. The limiting dn value indicated

by the bearing manufacturers is only an average value based on past
experience for normal usage, and there is absolutely no fundamental

reason why any roller bearing cannot be used at a higher dn value.

In a series of high speed roller bearing experiments conducted at

NACA [2], the temperature rise and failure limit under the same dn

value widely fluctuated, depending on the lubrication conditions.

There are two factors limiting the speed of the roller bearing.

One is the limit on lubrication: in other words, the limit imposed

by the wear and failure upon piercing of the lubricant film. The

other is the limit on the strength brought about by the shortening of

bearing llfe by a centrifugal load of the roller body and the mechan-

ical strength of the cage. With ever increasing roller bearing

speeds, a clarification of this limiting speed becomes quite import-

ant from the application viewpoint.

Our study was conducted to clarify the limiting speed of ball

bearings with Jet lubrication and the various performance characteris-

tics, such as the bearing temperature rise and friction torque. The

bearing used in thls experiment has a B0-mm inside diameter. Three
\

kinds were used --deep-groove ball bearing (#6206) and angular con-

tact ball bearings [#17206 (current number of #7206C) and #BOBNT)].

The deep-groove ball bearing (#6206) is generally used for high speed

applications. The angular contact ball bearing (#17206) is also

widely used for high spe_k.s_indles in manufacturing machinery. The

angular contact ball bearing (#30BNT) has the best performance ex-

pectations at high speeds.

In this paper, Chapter 2 discusses the high speed roller bearing

test apparatus and an experimental method for performing experiments

up to the dn value of 300 x l04. Chapter B discusses a preliminary

o,
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_ experiment performed to determine the optimal condition for the noz.

zle position and oil Jet velocity for Jet lubrication. Next, the

effect of cage guide type on the limiting dn value and the bearing

performance at high dn values is investigated, for deep-groove ball

bearing (#6206) equipped with an outer-race-riding cage (Chapte_ 4)

and deep-groove ball bearing (#6206) equipped with an inner-race-

riding cage (Chapter 5). The limiting dn value an/ the bearing per-

formance are studied for angular contact ball bearing (#17206) in

Chapter 6. The angular contact ball bearing (#BOBNT) is discussed

in Chapter 7. The results are compared with those of deep-groove

ball bearing (#6206). Chapter 8 is the summary. As a result, it be-

came clear that the wear and failure of high speed roller bearings

always occurred at the sliding friction portion of the cage, and

the problem of lubrication around the cage is the factor which deter-

mines the limiting dn value of roller bearings today. Consequently,

it also became clear that the guide type, configuration, material,

etc., of the cage has an extremely large influence on the limiting dn

value and the bearing performance, and that certain considerations

on the cage and the lubrication method should be mad4 to raise the

limiting dn value of the bearing. The angular contact ball bearing

(#30BNT) has the best performance at high speeds, showing quite safe

operation with no bearing failure at the dn value of 300 x 104 , and

the peripheral speed of 157 m/s. Further, in the process of reaching

the limiting speed, the way in which the bearing performance charac-

teristics --such as the bearing outer race temperature rise and

friction torque --are affected by such factors as speed, load, and

oil flow, is studied and quantified.

CHAPTER 2. EXPERIMENTAL APPARATUS AND METHOD

2.1_ Experimental Apparatus

The structure of a high speed roller bearing test equipment is /3

shown in Figure 1. Figure 2 shows its exterior view. In order to

study the roller bearing performance and its limiting speed at high

dn values, bearing test equipment was made with the following



Support bearings Oil Nozzle
Air tdrbine :....•....._,..,,,.. I

Revolutn. detector- _':" i, / Test bearingl
......._-:- :'.:,..../..' 011 press, piston
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" ,' "',torque rod

, i
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Figure i. High speed 1,oller bearing test equipment

considerations. A ball

bearing with 30 mm in-

side diameter is used

as a test bearing. To

drive the test equip-

ment, an air turbine

with a maximum speed

of 100,O00 rpm and an

output of -: 5 PS was

made, so experiments

with dn values of up

to 300 x l04 are pos-

sible. Figure 2. Exterior view of the test
equipment

In the study of

high _peed roller

bearings up to now, measurements of the bearing temperature rise Were

performed due to its ease. Measurements of friction torque often

were not performed. As friction heat generated in the bearing is

the cause of bearing temperature rise, it is necessary to correctly

measure the friction simultaneously with the bearing temperature in

order to examine the performance of high speed roller bearings. For

this purpose, a 30-mm inside diameter test bea_Ing is mounted on the
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right edge of the shaft supported by the two support bearings (@6204)

as shown in Figure i. A thrust load is applied on the test bearing

housing by an oll pressure piston on the right side. Since the test

bearing housing is supported by a test bearing only, the outer-race

friction torque of the test bearing can be derived from this torque.

The housing torque is measured by continuously recording the changes

which ;esult when the sprlng-board covered with strain gages contacts

a friction rod co_Ing out of an oll pressure piston. In mounting the

test bearing, the leading edge of the dial gage fixed on the shaft

contacts the outer race face, while the thrust load from an oil

pressure piston is maintained at 50 kg. The tilt of an outer-race

is maintained at less than 2/100 mm.

The test shaft is driven by a 6 mm diameter drill rod inserted /_4

into an air turbine shaft. It is set up such that --when bearing

failure takes place and the friction torque rapidly increases m a

narrow portion of the rod between the air turbine and the test shaft

will be cut off. Various couplings have been tried, but at high

speeds this method was the best. There was no trouble at i00,000 rpm,

either. All other methods resulted in large vibrations at high

speeds. The shaft speed is measured by a pulse revolution-indicator

using an electromagnetic revolution detector.

The temperature of the test bearing is recorded by a self-

balanclng thermometer which used a chromel-alumel thermocouple in

contact with the bearing outer race.

2.2. Lubrication System

The air turbine, the support bearings, and the test bearing are

each lubricated by an independent lubrication system. The oil supply

is a Jet oil supply in all cases. Figure 3 shows the lubrication

system of the test bearing. Oil delivered by an oil supply pump

flows through an oll filter, an oil cooler, a flow volume meter, an

oil heater, and is fed to the test bearing. The oil flow is adjusted

by the flow control valve. The inlet oil temperature of the test

bearing can be maintained at any constant temperature by an oil 4

5
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_I _' 0'.

. o, ooole
!Igo

i t o 0il supply pump Temperature, ec

_ __-__ Figure 4. V iscosity-tempera-
Oil tank ture curve of lubricating oil

Figure 3. Lubrication system of cooler and an oil heater.

the test bearing Oil in the bearing is dis-

charged by an oil dischargc

pump from the nozzle side, as well as from the transmission side.

The discharged oil is measured on its _y to an oil tank. The inlet

oil temperature is measured at the nozzle inlet, while the outlet oil

temperature at the nozzle side as well as at the transmitted side is

measured near the bearing outer-raCe face of the housing using a

chromel-alumel thermocouple. The bearing outer-race temperature is

also recorded.

The lubrication systems for the air turbine and the support

bearings also consist of a similar setup, except the oil heater is

omitted, as there is no need to maintain constant inlet oil ter-

perature.

In regard to the conditions of Jet oil supply for the test bear-

ing, the optimal conditions of Jet velocity and the number of nozzles



I
are determined from a preliminary test, the details of which will e

mentioned in the next chapter.

2. 3 LuUricatin_ Oil

The lubricating oil used is MIL-0-6081, i010 class Esso turbo

oil 10. The relation between its viscosity and temperature is shcwn

in Figure 4.

2.4. Test Bearing

The test bearings used in this experiment are SP-class ball bear-

ings #6026, #17206, and #30BNT. Their dimensions and other details /5

will be mentioned in their respective chapters.

2.5 • Experimental Method

The bearing load is a thrust load only and, unless explicitly

specified, it is constant at 50 kg. The inlet oil temperature is

also maintained constant at 30 ° C, unless explicitly specified. In a

normal experiment, the oil flow rate is varied from 0.22 to 3 kg/min,

while thrust load and inlet oil temperature are kept constant at 50

kg and 30 ° C, respectively, and the bearing outer race temperature,

outlet oil tomperatUre, friction torque, and penetration ratio for

each oil flow are measured as the speed is increased up to the allow-

able limit. In order to investigate the effects of thrust load and

oil viscosity, thrust load and oil inlet temperature are _arled from

25 kg to 200 kg and from 30° C to 90 - 120 ° C, respectively, and the

experiments are conducted.

7
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"_" CHAPTER 3 PRELIMINARY EXPERIMENT ON ,JET LUBRICATION

i As the oli Jet velocity, the nozzle position, and trle num_er of

!_i nozzles greatly affect the hlgb speed perfor,mnce of the boar lnl_,wlth

Jet lubrication, the following preparatory experlment w_ conducted

• to determine the optimal condition.

3.1. Oil J_t Velocity

The slider bearing is a kind of viscous pump and produces an o_I

flow which is at least proportional to the velocity. It passes

through the inside of the bearing. The roller bearing does not have

th_s kind of an automatic pump action. Furthermore, at high speed,

the roller bearing churns the surrounding air, causing wind pressure

and rejecting the forced oil supply from the outside. Therefore,

for high speed roller bearings, a special Jet lubrication method of

feeding oil into the bearing by oil Jets at high velocity from the

nozzle is used. If the oil Jet velocity is low, oil will have diffi-

culty getting into the bearing. Thus, for each oil flow, the Jet

velocity is changed by changing the nozzle bore diameter, and then

the bearing performance is studied.

Figure 5 shows the relationship between Jet velocity and tem-

perature rise TB - T I from the inlet oil temperature T I (30 ° C con-

stant) to the bearing outer-race temperature TB and penetration ratio

K, which is the ratio of oil flow transmitted through the bearing to

the total oil flow, for oil flows of 0.22, 0.44, 0.72, and i Vg/mln.

For the same oil flow rate, as the Jet veloclty increases, the b_ar-

ing outer-race temperature rise rapidly decreases In_tially. It_

percentage decrease becomes smaller above the Jet velocity of i0 m/s,

and then it becomes nearly constant above 20 m/s. This phenomenon

is more pronounced when the ell flow is small. The penetration ratlo

Increases with an increasing Jet velocity for each ell flow. In con-

trast to the change in the bearing temperature rise, the penetration

ratio rapidly increases initially with an _ncreas_ng Jet velocity,

8
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hut its l.,erconta_:',,,In,..r,,:_i._,,, r, , 0_1 l'l:Jw0 (k;,./mln)I''

i',oe_._ down and tia_ a tr(:lld o|' _:'. I _,:
'i _ ,, _ 7_ """

becoming constant at ubuut _-, . _ :,:

I0 m/s. _'"" _-_ _ _u "
( "_ I e ---g, •

_141 i m"' r.-r, j _.
The above resultz In,'.ll- ,_,:'{i'_] _'I' , •4_

care that as Jet v,_.1oclty In- ._ m _ ......._ -so ._

creases, oil teudu to put,e,- u, _ ,

trate into the b_.arlng. The _ Io ....I'0 _ •
_J Jet v_:locity, m,/_ _cooling action of the oil in- _,

creases, and the bearing tern-
Figure 5. Bearing outer race tem-

perature r_se decreases, perature rise and penetration
Figure 6 sho_'s the relation ratio versus Jet veloclty:

between heat absorption by test bearing: #6206 (outer race-

riding cage) /6
oil (expressed in horsepower) shaft speed: 60,000 rpm
obtained from the outlet oil thrust load: 50 kg

inlet oil temperature: 30 ° C
tempe-ature rise and Jet

velocity for each oil flow.

With an Increase in Jet velocity, 'Oil flo'w Q ('kg/n,ln)

the horsepower absorption by otl _|. _; -@=I

rapidly Increases, but its per- _ _
centage increase becomes gradual o

in the neighborhood of I0 m/s Jet _ _

velocity, and above 20 m/s it is o_4

nearly constant. The fact that _1
J_

tl_e relations among jet velocity,

bearing outer race temperature _ '
g&

rise, and horsepower absorption o

by oil appear completel_' contra-

dictory indicates that, when a 4
Jet velocity, m/s

large amount of oil is forcefully
Figure 6. Horsepower absorp-

._upplied as in Jet lubrication, tion by lubrlcating oil and
most of the oll acts as a coolant, Jet velocity:

and the greater the Jet velocity, test bearing: #6206 (outer-
race-rlding cage)

the greater the heat exchange off i- shaft speed: 60,000 rpm
clency of oil becomes, thrust load: 50 kg

inlet oll temperature: 30° C



When the Jet velocity is below 10 m/s, oil has difficulty gettlnc

_nslde the bearing at high speed and cooling by oil becomes insuffi-

cient. Consequently, the Jet velocity should be at least above lO

m/s. However, as Jet velocity increases, oil pressure at the nozzle

correspondingly increases; thus, roughly 20 m/s is most appropriate

for practical applications. Even when Jet velocity is increase,__ above _
I

this value, only the oil pressure at the nozzle significantly _n- i_

creases, and the correspondlng benefit, are small. If the Jet velo-

city is set at 20 m/s, then at an inlet oll temperature of _0 ° C, the

oll pressure at the nozzle inlet becomes about 4.5 kg/cm 2. In this

experiment, the Jet velocity is fixed at about 20 m/s at any oil flow

rate, and the nozzle bore diameter is varied depending on o_i flow,

as shown in Table I.

TABLE I. AMOUNT 09' SUPPLIED OIL AND "_OZZI_ " '_:rER

Amount of oil supplied : ,,_zle diameter
(kg/min) (mm)

3 , 1._
l.l_ 1.4
1 l.l "
o._ 0.9
0.44 0.7
0._ O.S

_.2. Nozzle Position

As oil can easily enter inslde the bearing if the nozzle is

located close to the bearing, the distance between the leading edge

of the nozzle and the inner race face is taken in this experiment to

be 8 mm. Unless otherwise specified, the nozzle is placed at the

center of the clearance between the cage and the inner race normal

to the bearing face, regardless of the cage guide type. I dltion,

when the inner-race-riding cage is used, the nozzle is p_ i at the

large clearance between the cage and the outer race, and the experi-

ment is repeated, but, as will be mentioned later, the penetration

ratio increases and the bearing temperature decreases, but failure

tends to occur and the performance is not good.

i0
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,_, When the thrust load is to be applied to the radial ball bearing,

_ as in this experiment, the penetration ratio -- that is, the ratio of

:-_j oil transmitted through the bearing to the total oil flow _ is ex-

,_ pected to differ depending on whether the nozzle is placed on the

:,- thrust loaded side of the inner race or the unloaded side of the
_V
•,_ inner race, as shown in Figure 7. Because a large penetration ratio

t

___'-Thrust load
Nozzle (inner race thrust ( / ) Nozzle (inner race

l°aTded sl.de)__z_'_/_'-CZunloaded side)hrust lo_B"i/_-'_ ]
J

Figure 7: Thrust load and nozzle position:

is desirable for cooling of the bearing, how the penetration zatio

changes, depending on the nozzle position, is studied in experiments

and the optimal position is determined.

_a_ #6206_(outer-race-ridln_ _age_ /7

Figure 8 shows the relation between penetration ratio and shaft

speed for #6206 (outer-race-ridlng cage) when the nozzle is placed on

the thrust loaded side or unloaded side of the inner race, with an

oil flow Q = 1 kg/min. At low speeds, when the nozzle is placed on

the unloaded side of the inner race, the penetration ratio is greater

than when the nozzle is placed on the thrust loaded side of the inner

race. But at high speeds, the difference becomes smaller, and on

which side the nozzle is placed makes no difference. As the penetra-

tion ratio changes, the bearing temperature rise changes also. The

bearing outer race temperature rise from an inlet oil temperature

(30 ° C constant), was well as the temperature rise of deflected oil

and transmitted oil as a function of speed, are shown in Figures 9

and i0. In Figure 9, in which the nozzle is placed on the thrust

loaded side of t_e inner race, the bearing outer race temperature r_se

and transmitted oil temperature rise are nearly equal, but in Figur_
d

i0 _ in which the nozzle _s placed on the unloaded side of the inner

ii
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_I@#6206 (outer-race-ridlngCage) #_06 (outer-race-r{dlng c_ge)
_-I_i, o thrust|

_.(Nozzle on inner race

"_",_ unloaded side)
O'_ _

(Nozzle on inner race.
• thrust loaded side) t

Shaft speed, rpm

Figure 8. Penetration ratio
I and shaft speed Speed, rpm

Figure 9. Bearing temperature
•_ rise and discharged oil tempera-

race, the bearing outer race tem- ture rise as a function of speed:

perature rise is significantly A_bearing outer race tempera-
lower than the transmitted oil ture rise; @_ deflected oil

temperature rise; @_ transmit-
temperature rise above 60,000 rpm, ted oil temperature rise

despite the fact that the penetra-

tion ratios at high speed are
. f

nearly equal. Generally, the I#6206 (outer-race-riding c;_ge)

bearing outer race temperature Ol_l.Nozzle on inner race

rise is roughly equal to or _ J thrust loaded sid/
slightly greater than the trans-

mitted oil temperature rise at _ /f

ow.owe
but as the speed becomes higher,

_he transmitted oil temperature

rise is expected to be sli_tly

greater, because the temperature o, , , ..........
, _ a 4 s 6 v _ xl_

of tl_e cage and the roller body Speed, rpm
becomes higher than the bearing

outer race temperature. The Figure lO. Bearing temperature
rise and discharged ell tempera-

following explanation can be made ture rise as a function of speed:
f

rcgardin_ why th_s expectation A _ bearlng outer race tempera-

was not fulfilled above 60,000 ture rise; @_ deflected ell
temperature rlse; O_ transmit-

rpm, when the nozzle was placed ted ell temperature rise

on the unloaded side of the inner

r_ce.



4. I - I [ III

Looking at the structure off the test equipment in Figure I, when /_88

the nozzle is placed on the unloaded side of the inner race, the noz-

zle enters inside the test bearing housing and the housing is cooled

down by a large quantity of low-temperature deflected oil, causing

a drop in the bearing outer race temperature. This is clear also

from the fact that the transmitted oll temperature rise is nearly the

same regardless of the side where the nozzle is placed. From the

applications viewpoint, the nozzle can be placed on either side. It

is more convenient to have the bearing outer race temperature rise

be nearly equal to the transmitted oll temperature rise becauF_ the

oil viscosity is used at an average bearing temperature in the analy-

sis of bearing performance. It seems better to avoid structural in-

fluences. We decided to place the nozzle on the thrust loaded side

of the inner race for #6206 (outer-race-rldlng cage).

(b) #6202 llnner-race-ridln_g_ca_g_)_

The penetration ratio and the temperature rise as a function of

speed when the nozzle is placed on the thrust loaded side or unloaded

side of the inner race are shown in Figures ll, 12, and 13. The

trend is the same as for the previous #6206 (outer-race-ridlng cage).

Consequently, the nozzle was placed on the thrust loaded side of the

inner race for #6206 (Inner-race-rlding cage) for the same reason

mentioned, even though, from the standpoint of penetration ratio,

thewe is a slight advantage when the nozzle is placed on the unloaded

side of the inner race.

(_21 1720 6 /9

Figure 14 shows the penetration ratio as a function of speed

when the nozzle is placed on the thrust loaded side or unloaded side

of the inner race. The penetration ratio when the nozzle is placed

on the thrust loaded side is drastically smaller than when the nozzle

is placed on the unloaded side of the inner race. The reason there

is such a large difference, depending on the nozzle position, com-

pared to #6206 is that, as shown in Figure 15, the shoulder of one

side of the outer race is removed for #17206. Then, when the nozzle

13
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. #6206 .-race'rid cage) @ • _6206 (in.-race-rid. cage)
0 Q= Ik_mln . Q=lkg/mln I

_u (INoz. on in. race thrust
• loaded side)

_0
_ (Noz. on in. race e

(Noz. on n. race

thrust loaded side) _ _ i _ '_ 4i _ i _ i _r "
Speed, rpm Speed, rpm

Figure ll. Penetration Figure 12. Bearing temperature
ratio and speed rise and discharged oll tempera-

ture rise as a function of speed:

A--bearlng outer race tempera-
ture rise; @--- deflected oll

#6206 (In.-race-rld cage) temperature rise; @-- transmit-
Q_Ikt_i. ted oil temperature rise

.Noz. on in. race _O: 40

o_ unload, side L_j

•ill _ Q-lkl/mln

_: (Noz. on ifi. race

_'_ Unload. side)

o , ,oSpeed, rpm •

0_% (Noz. on the thrust

• _ loaded side o_ the

Figure 13. Bearing temperature _ "-,,_._in. raoe)_ lrise and discharged oll tempera-
ture rise as a function of speed: i _ _' _ _ axlr

_'A_bearing outer race tem- Speed, rpm

perature rise; e--deflected oll Figure l_ Penetration ratio
temperature rise; @-- transmlt-

ted oil temperature rise and speed

Noz. on in. race unload, side) (Noz., in race thrust load. side)

Figure 15. Nozzle position and oil flow (#17206)

14
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I1
is placed on the thrust loaded side of the inner race, most off the

oil flows backward to the nozzle side via the clearance space in the

dropped shoulder of the outer race The bearing outer race tempera-

ture rise and outlet oil temperature rise as a function of speed

i 'are shown in Figures 16 and 17. In Figure 16, in which the nozzle

is placed on the thrust loaded side of the inner race, the bearing

• . , , , .,

#1W_06 #1T_06
C_--lk_/mt. Q.,Ikl_/mi.

Nozzle on in. race _ unloaded sthrust ioad. sid, Nozzle on inner race

0 0

_ 4G ................

.W _ ._

|1

t-
|

i i i g sl,,lo.
Shaft speed N (rDm) _ Shaft speed N (rpm)

Figure 16. Bearing temtera- Figure 17. Bearing temperature
ture rise and discharged oll rise and discharged oil tempera-
temperature rise as a func- ture rise as a function of

tion of shaft speed: shaft speed:

A--bearing outer race tem- A- bearing outer race tempera-
perature rise; @--deflected ture rise; @--deflected oil
oil temperature rise; @ _ temperature rise; @- tbans-
transmitted oil temperature mitted oil temperature rise

rise

outer race temperature rise is greater than the transmitted oll tem-

perature rise. In Figure 17, in which the nozzle is placed on the

unloaded side of the inner race, the temperature rise itself is lower

than when the nozzle is placed on the thrust loaded side of the inner

race, and the bearing outer race temperature rise and the transmitted

oll temperature rise are roughly equal. The reason for this opposite

behavior, compared to _6206, is that most of the oil flows through



i 1 I

the dropped shoulder of the outer race. As more than 90% of oil is

deflected when the nozzle is placed on the thrust loaded side of the

inner _ace, the average bearing temperatul, e rise is assumed to be in

between the bearing outer race temperature rise and the deflected oil

temperature rise. When this average is taken, it roughly agrees with

the bearing outer-_ace temperature rise or the transmitted oil tem-

perature rise when the nozzle is placed on the unloaded side of the

inner race. As mentioned before, it is more convenient to have

roughly equal bearing outer race temperature rise and transmitted

ell temperature rise, because oil viscosity at the average bearing

temperature is used in the analysis of bearing performance. There-

fore, for _17206, the nozzle was placed on the unloaded side of the

inner race, contrary to #6206.

Ldl #3o_B _

The penetration ratio as a function of speed when the nozzle is

placed on the thrust loaded side or the unloaded side of the inner

race is shown in Figure 18. The penetration ratio when the nozzle

is placed on the thrust loaded side of the inner race is smaller below

70,000 rpm, but greater above 70,000 w

rpm, compared to when the nozzle is

placed on the unloaded side of the _1_ ......

inner race. At high speeds, there °_ _ Q_,_/=i,

is a slight advantage in placing
\'k. (No z. i_ racethe nozzle on the thrust loaded side _

of the inner race. This is assumed _ _ _k / unload, side)

to be due to the fact that the
Noz. In. race

shoulder of the inner race is dropped • thrust load. side
for #30BNT, as shown in Figure 19,

contrary to #17206_ The bearing 0 i i { _ _ _ _ _ _ xlO'

outer race temperature rise and the Shaft speed, rpm

discharged oil temperature rise as Figure 18. Penetration ratio

a function of speed are shown in and shaft speed

N

Translator's Note: 7,000 rpm in foreign text.

16
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Figures 20 and 21. They are the same as for /l_

#6206. Consequently, the nozzle is placed -'\
\

on the thrust loaded side of the inner race

for #30BNT.

_ 5"3" ,_Number of Nozzles k

;_ If the number of Jets is increased with Figure 19. #30BNT
ia the same total oil flow, there is the benefit

150

|"1 ' #30 BNT _ #_NT

INoz. on in. race _// Noz. on in. race

Ithrust load. side// unload, side

// °°
/I / o•

[ a.

Shaft speed N, rpm Shaft speed N, rpm

Figure 20. Bearing tempera- Figure 21. Bearing tempera-
ture rise and discharged oil ture rise and discharged o_l
temperature rise as a func- temperature rise as a func-

tion of shaft speed: tion of shaft sDeed:

A --bearing outer race tem- A--bearing outer race tem-
perature rise; @-- deflected peratur_ rise; • ....deflected
oil temperature rise; O-- oil temperature rise; O--
transmitted oil temperature transmitted oil temperature

rise rise

of uniform temperature over the circumferential direction of the

bearing. With Jet oil feed, the area contacted by the Jet is cooled

by a large quantity of oil, but as oil violently scatters, the

I?
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temperature rises gradually in the direction of rotation. Figure 22

shows the temperature distribution in the circumferential direction

of the bearing outer race when one or two nozzles are used with the

same total oil flow. The temperature difference is 4 - 5° C with a

single nozzle, and 2° C with two nozzles. The small temperature dif-

ference is explained by the

relatively small test bear-

ing the load consisting Bearing outer Bearing outer
race temperature race temperature

of a thrust load only. Thus, _"__"]r_"_unless explicitly specified, _• _• .

only a single nozzle is used o

in this experiment. _ _zzle

CHAPTER 4. DEEP- (.)Onenozzle (b)Twonozzies /1___2

GROOVE BALL BEARING Figure 22. Number of nozzles and
(#6206) temperat_e distribution in the

circumferential direction:

test bearing: #30BNT
4.1. Introduction oil flow: 1 kg/min

shaft speed: 90,000 rpm
thrust load: 50 kg

As deep-groove ball bear- inlet oil temperaSure: 30° C
ings are commonly used for high

speed applications, we conducted

experiments on the deep-groove ball bearing first. As mentioned be-

fore, the sliding friction portion inside the bearing is expected

to be the most vulnerable to failure at hi_ speeds. As the sliding

friction portions inside the roller bearing are primarily concen-

trated around the cage, it is expected that the cage guide type,

configuration, etc., greatly affect the high speed performance.

There are three kinds of cage guide types: roller-riding cage; inner-

race-rlding cage, and outer-race-riding cage. For hi_ speed appli-

cations, the roller-riding cage type tends to generate Vibrations

and thus is not often used. Instead, the outer-race-riding cage or

the inner-race-riding cage types are used. Anderson and others [3]

investigated the effect of the cage guide type regarding the cylin-

drical roller bearing (#215), and reported that the performance of

the outer-race-riding cage was better than the inner-race-riding

18
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cage. However, in regard to which type is more advantageous at high

speed, the experimental data are insufficient, and no clear conclu-

sion has been reached.

The performance of #6206 equipped wlth the outer-race-rlding

cage is discussed first in this chapter, followed by #6206 equipped

with the Inner-race-riding cage in the next chapter, and these will

i._ be compared.

_3

i_ 4.2. Experimental Conditions

Although mentioned already in Chapters 2 and 3, the conditions

used in this experiment are briefly summarized. A single nozzle is

placed on the thrust loaded side of the inner race. It is placed

perpendicularly to the center of the clearance between the cage and

the inner race. The distance between the leading edge of the nozzle

and the inner race face is 8 mm. The Jet velocity is constant at

roughly 20 m/s, regardless of oll flow.

Also, unles= explicitly specified, the thrust load is constant

at 50 kg, and the inlet oll _emperature is also constant at 30° C.

4.3. Test Bearing,m

The test bearing is a #6206 SP-class ball bearing. The cage is

made of hlgh-strength yellow b_ass and the cage guide type is the

outer-race-rldlng cage. Around the outside perimeter of the cage,

the special oil groove is set up as shown in Figure 23 to improve

oll discharge.

The bearing dimensions are shown in Table 2. The radial clear-

ance of the bearing is 25 - 35 um, which is significantly larger than

the normal bearing type. This is because, under high speed rotation,

the temperature ri_e of the roller body will be significantly higher

than that of the inner race and the outer race and the reduction in

clearance is expected. The bearing fit is taken to be I0 - 15 _m.

19
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TABLE 2. TEST BEARING #6206(SP)

p,

Diameter of steel ball, mm 9.525 (3/8")

Number of steel bali*' 0

% of groove radius to steel ball

Outer race, % 51.5 - 52.5

Inner race, % 50.5 - 51.5

Inside diameter of outer race, mm 52.8

Outside diameter of inner race, mm 40.4

Radial clearance, _m 25 - 35

Cage guide type Outer-race-
riding-cage

Guide clearance, mm 0.35 + 0
- 0.05

Pocket clearance, mm 0.195 + 0.05
- 0

m

4.4. Experimental Results

_.1__14.0-MLL7_ "_4.7r

temperature, the outlet oil i . i _r_._e_,.e.__temperature at the nozzle _II ._Rivet ihol

ooaweebo i.lUtransmitted side, the friction : - ea. of 9\.._'__
torque, and the penetration _ equiv, slots on circumf.

ratio as a function of speed

for each oll flow under the Figure 23. Configuration of cage

constant thrust load of 50

kg and an inlet oil temperature of 30 ° C are shown in Table 3. The

maximum speed is limited to 60,000 rpm for oil flow rate of 0.22

kg/min, 70,000 rpm for 0,44 kg/mln, and to 80,000 rpm for other oll

flow rates, because at high speeds, conspicuous wear is sometimes

generated on the cage. This limiting speed will be discussed later

on, but here the experimental results within the region of safe bear-

ing operating conditions below the limiting speed are shown.

2O
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TABLE 3. BEARING TEMPERATURE, OUTLET OIL TEMPERATURE,
FRICTION TORQUE, PENETRATION RATIO, AND SHAFT SPEED

(30° C inlet oil temperature and 50 kg thrust load)

Q = 3 kg/min (room temperature 24° C)

Bearing Outlet Outlet iFrlction Penetrn.
_.', Shaft outer oil temp. oll temp ratio
". speed, race (nozzle (trans. torque, ,_ kg" cm %
+ rpm temp., side), side),

i I °C oC oC

:.| 20,tXX) 37 _. S 35.5 1._8 _. 0
30,000 41.5 ._ _J 2.1._ 40.1
40,000 48.5 42 43 2. 57 36.4
50,<_00 54.5 46.5 51 3.00 31.2
60.000 64.5 51 ._,?..5 3.41 29.2
70,000 7_ 54.5 74 3.78 28.8
_,000 64 _ 90 4._0 26.6

Q : 1.8 kg/min (room temperature 24° C)

Shaft Bearing Outlet Outlet Frict_ on Penetrn.
outer oil temp. 3il temp. torque, i_tio,speed, race (nozzle trans.

rpm temp., side), side), kg.cm %
o C o C oC

10,000 34.5 33 33 1.13 t]O.O
20,000 39.5 38 38 1.50 54.2
20,000 44,5 42.5 42 1.86 45.0
40,000 51.5 48 47 2.20 35.2
_,OOO 60.5 53 57.5 P..57 32.4
60,000 73 58.5 73.5 2._ 29.5
70,000 S5.5 ++,2 90 3.17 20.0
80,000 100 _ 106 3._ 2S.O

u

(Table continued on following page)
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TABLE 3 (continued)

Q '_ i kz/mln (room temperature 25 ° C)

........... i ...............................

Shaft Bearln_ Outlet Outlet Prlction i Penetrn.

outer oil temp. Dil temp. torque ratlo,speed, race (nozzle (trans.
kg. cm %

rpm temp., slde) j _._de), -
oc o c oc

m,(xm :m ....... _.S "_' mi.II l..:I _ +_7
_,,_ 43.5 4.° 41.8 l.&'_ _.4
30,I_0 51 49 47.5 I.9-,4 46.3
4o,oo0 _ ._.5 M.S i.85 _. 1
50,050 71.5 82.5 _.5 2.13 31.5
60,o00 85 _,.S 88.5 2.39 82.$
_o,0o0 lOZ "_ 108.5 :_.&_ _3.g
8o,oo0 IzO.5 80 130 2._ s3,3

Q = 0.72 kg/min (room temperature 23° C)

Shaft Bearing Outlet Outlet Friction Penetrn.
outer oil temp. _il temp.

speed, race (nozzle (trans. torque ratio,
rpm temp., side), side), kg.cm %

oc oC oC

io,_ sT.s ..... _ _ .... o._7 _.6
_o,_o 4_ _ 44 ,._4 _7
30,000 &5 62.5 Sl 1.4_ 63.7

40,000 +M.5 1;I _ 1.65 4.°.0

r,o.(_J ?,_.5 _l. 5 7o.5 1.87 41.1
,mi.int 9.1 _) _. 2.11 4:&4
_)._,1 112 _. 5 110.5 '.,.,_ 4o.o
80,0(10 131 lot l_ 2.48 32.0

Q = 0.44 kg/min (room temperature 25 ° C)

Shaft Bearing Outlet Outlet Friction Penet_n.
outer ell temp. Oil temp.

speed, race (nozzle (trans. torque ratio,
rpm temp., side), side), kg.cm

o C oc oC

m._ _9.s _,s _ ,,.go _1._
90,000 80 50 47.5 1.15 I_.5

30,(]00' 62.5 61.5 58 1.34 _0._
/+0,OOO 74 72 F}7 1.48 40.$
_,OOO "89._ 8,1.5 87.5 1.07 _I._
r_},000 II0 97.5 115 I.87 41.7 +
70,(]00 134 107 _ 1.98 35.4 i

(Table concluded on following page) i
!
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The above experimental results, together with the results oh- ,/1.5

tained by changing the thrust load and the inlet oll temperature, are

analyzed next in order to study the high speed performance of the

deep-groove ball bearing.

4.5. Bearing Temperature Rise.

Figure 2_ shows the temperature rise TB - T I from the inlet o11

temperature T I (30 ° C) to the bearing outer race temperature T B as a

function of speed from the data in Table 3. With an Increaslng speed,

the bearing temperature rlse increases. On the other hand, w_th sn

increasing oli flow, the bearing

temperature rise decreases. This _ ll_ ,
/ Ibearing outer race temperature rise _ Oil flow,Q(W-_,}

T B - T I as a function of speed N _ Q_!m
and oil flow Q :t.s shown in Figures _ _ 1, / /'l>ar,

o /.//, :25 and 26, respectively. In Figure _ a

25, the relation between TB - T I _

and N chan_es at 40,000 rpm. In _ _ a
o ,'

the hl_h speed region above
40,000 rpm, it can be expressed as: m

Shaft speed ),I, rt, m

(Tj-r,),/_,_-,., (I) Fl_r, ure 24. Bear.trig tempera-
ture rlse and shaft speed

O0000001-TSB13
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From FiGure 26, TB - T I and Q are related by

(T,,-T,)_Q-o.,,--o.u ( 2 )

.-. TLI,_smaller exponents of N and Q correspond to the larger value of

T B - T I .

t

l_ ' .,_./,_ . Shaft N

J //_/ ' rpm
)

• _ 70,000

._ _ o SO,O00
Oil flo_v,Q(kIlm_.) o_,

_u "

lO,O00

?

Shaft speed N) rpm Oil flow Q (kg/min)

Figure 25. Bearing tempera- Figure 26. Bearing tempera-
ture rise and shaft speed ture rise and oil flow

From Equation (i), the bearing temperature rise increases in pro-

portion to N 1"44-1"7, Thus, unless significant cooling is performed,

the bearing failure due to overheating is ex_ectedlater at high

speeds. As is clear from the exponent of Q in Equation (2) for the

temperature rise versus oil flow, sufficient cooling cannot be accom-

plished unless the forced-feed oll flow rate is significantly in- /I___6

creased, even though oil acts as a coolant in the Jet oll supply of

high speed roller bearings. As for the exponents of N and Q in Equa-

tions (i) al_d (2), Soda and others [4] performed an experime_t with

_ne _all bearing #6315) and obtained the exponents of 1 for N and

-0.45 for _. In an experiment with the cylindrical roller bearing

#215 by Macks and others [2], the exponent of N was 1.2, and :he

O0000001-TSB14



The above re_,ul_ are for the case of the constant thrust load

of 50 kg, _:hown in Table 3. Figure 27 shows a sample of the tempera-

ture rise TB - T I from the oil inlet temperature (30 ° C) to the bear-

ing outer race temperature TB as a function of thrust load. The range

of the thrust load is 25 - 200 kg. The bearing temperature rise in-

creases with increasing thrust

load. This relation between the Oil flow._/m_

bearing outer race temperature _ ..... ,_ .

rise T B - T I and the thrust load o ..._-:__
o o-----_-_i

P in the high speed region can be
H

approximated by _ N. 7o.ooor_!

K_
10 - =_ , , ,,,..,L .........

(Tm-Tt)_PL_." (3 ) ¢' _°I
_W

1o¢ ,,--.-''°'-_ '''_ '¢__. ,..... ,..-' 0.44

, .._- e""" ._

As the shaft speed increases and _ _'" --"""_'_.8
TB - T I becomes greater, the ex- _ ..-,

ponent of P becomes smaller. _ I
O

As is clear from the com- _o ...... J .... " ..........

parison of an exponent of N in z

o . .,_,..,_l.-a_Equation (i) _nd an exponent of __. 0.44

P in Equation (3), the bearing

temperature rise of the high _ ; .' L8

speed roller bearing is affected [! .-----"_"J
more by the shaft speed than the _'.so.ooo,_,

I .I ,
' ' ''"100 " _" ""1.'i_0

load. It is known that the Load P _kg)
bearing gemperature rise is de-

termined by the bearing friction,
Figure 27. Bearing tempera-and that this friction consists ture rise and load

25
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-t
L of a velocity term which depends on the viscosity and the velocity,

I and a non-velocity term which depends on the load. It thuz Ind_e:Jt,,._

i that most of the bearing temperature rise of the high speed r,,] ,,r
%

i; bearing is based on the velocity term off friction, and t_,, p_,f._:,,I',,,,

of non-veloclty term due to load is extremely small. Thl:; I.,,.._!n_ ,.._ II

be discussed in greater detail in the section on friction t(_rl'A' •

The above results are for the case of the constant Inl_.,: ,,]i

temperature of 30° C. In practical applications, it is frequ_ntl/

difficult to maintain a constant inlet oil temperature. If inlet o1]

temperature is changed, average viscosity of the bearing and inlet

viscosity of supplied oil will certainly be changed. Figure 28

shows a sample of the relation between the viscosity at the inlet ell

temperature ZI and the bearing outer race temperature rise at the in-

let ell temperature when the inlet ell temperature is varied from 30 °

C to 120 ° C. The relationship between the bearing outer race tem-

perature rise T B - T I and Z I can be approximated by

(Ta-_)=_0_., (4)

The greater the shaft speed and TB - TI, the smaller becomes the ex-

ponent of ZI. Below 30,000 rpm and with a higher inlet oil tempera- /1___7

ture, there is a deviation from this relationship because of the

small temperature rise based on rotation and the resulting large

error. As the region of the high dn values is the subject of this

experiment, Equation (4) is appropriate. In general, the smaller the

viscosity at the inlet oil temperature, ZI, the lower is the bearing

temperature rise TB - T I. However, the absolute value of TB is large

when T I is large, as shown in Figure 29. If ZI is too low, the bear-

ing temperature rise is low, but the formation of oil film becomes

difflcult; thus there must be a lower limit on Z I. This point will

be discussed in greater detail in the section on friction torque.
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,00 ,011 -------
fl ON (kllmie) r , r._ A' 10,O00rpml.il o o

---" a_ _..qI 0[1 f].c>W,_(ka/,.,._

E-, '/'/_-.t l I _ - 04

f_. - _ , ._ _,I '.
0 •

t--e"_'%

• • • • • , , .' .

..... • m "_ 3_--..,.__o

.o m 0

....,..,.._ _. _ inlet oli temp TI (°C)

,..,--"- _._-_ s I Figure 29. 2earlng outer race
m .._._ / temperature and temperatureI"/ _ _._,_ rise as a function of inlet

10--- "--" to ...... i00 oli temperature

Visc. at inlet oll temp. ZI (cP)

Figure 28. "Bearing tempera- Summarizing the bearing /18
ture r_se and viscosity at

inlet oll temperature outer race temperature rlse

in the high speed region, it

can be approximated by

(T,-_)_0._,m_,,,m.--,.,_,._,-_.. (5)

The smaller exponent of each factor corresponds to the larger value

of TB - TI. The above equation approximately holds in the following

range: _0,000 - 80,000 rpm speed, 0.22 - 3 kg/mln oil flow, 25 -

200 kg thrust load, and B0 - 120 ° C inlet oil temperature.

a.6. Amount of Heat Absorption bF Lubricating Oil

The fact that the bearing temperature rlse of the high speed

roller bearing Is roughly inversely proportional to (oll flow)I/2

indicates that, for Jet lubrication using a large quantity of oil,

oll acts as a coolant. Therefore_ by obtaining the amount of heat

27
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transfer to the oll due to the outlet oll temoerature rise, the cool-

ing effect can be analyzed. Table 4 shows the quantity of heat ab-

sorption by the deflected oll and t_ansmltted oil, as well as the

total heat absorption by oll calculated from the data in Table 3.

Figure 30 shows the total horsepower absorption by oil H 0 as a func-

tion of speed from the results in Table 4. The total horsepower

TABLE 4. HORSEPOWER ABSORPTION BY OIL AND SHAFT SPEED

(30 ° C inlet oll temperature and 50 kg thrust load)

0il flow Q = 3 kg/min

Shaft Horsepower absorption Horsepower absorption Total horsepowe
speed, by oil (nozzle side), by oil (trans. side), absorption by
rpm PS PS oil, PS

, , ,., . •

• 20,000 O.44 O.36 O.80
30,000 0.78 0.52 1.30

40,000 1.SO O.C,S L78
50,000 L63 0.94 2.57
6O,OOOo 1.9_ 1._ 8.32
70,000 2.54 z._ 4.89
80,000 3.00 2.25 5.25

Q = 1.8 kg/min

Shaft Horsepower absorption Horsepower absorption Total horsepowe
speed, by oll (nozzle side), by oil (trans. side), absorption by
rpm PS PS oil, PS

2o,ooo o.s2 o.as o._o
so,ooo e.s7 o._m Los
40,000 1.00 0._ 1.52
8),000 1.35 0.77 2.12
f,O,000 1.75 L 1l 2.84
7O.OOO 1.97 1._ 8._
80,000 2.41 IJO 4.21

(Table continued on _ollowlng page)
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TABLE 4 (continued)

Q = 1 kg/mln

Shaft Horsepower absorption Horsepower absorption Total horsepower
_peed, by oll (nozzle side), by oil (trans. side), absorption by
rpm PS PS oil, PS

, , , ,, ,

31,M) O.49 O.39 O.8_

40,(X}O 0.79 0.41 1.31

rio.non I.(_ O./iO I._

60,OC]t) 1.21 1.03 2. 24

70,000 1.39 1.31 _._0
80.000 1.59 1.68 3.17

.... Q = 0.72 kg/mln

Shaft Horsepower absorption Horsepower absorption Total horsepower
speed, by oil (nozzle side), by oll (trans. side), absorption by
rpm PS PS oil_ PS

20,000 O.19 0.30 0.'49
30, 000 0.36 0.39 0.75

40,000 0.61 0.40 1.01

_0,000 0.8,2 O.b'7 1.39

60,000 0.99 0.85 1.84

70,O(X) L23 1.11 2.34

80,000 1.4_ 1.32 2.79

Q = 0.44 kg/mln

Shaft Horsepower absorption Horsepower absorption Total horsepower
speed, by oil (nozzle side), by oil (trans. side), absorption by
rpm PS PS oil, PS

20,000 0. I_ 0.22 0.40

30,000 0.32 0.30 0.62

40,000 0.53 0.32 1 0.85

60,000 0.70 0.46 1.16

60,000 0.88 0.73 1.58
To,_oo _ 1.06 o.81 1.e_

(Table concluded on following page)
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TABLE 4 (concluded)

Q = 0.22 kg/min

Shaft Horsepower absorption Horsepower absorption Total horsepowe:
speed, by oil (nozzle side), by ell (trans. side), absorption by
rpm PS PS oil, PS

o.ooo o.15
30,000 0.25 0.19 0.44

40,000 0.88 0._ 0.60

aO,OCO 0.4g 0.85 0.83

60,000 0.61 0.80 1.11

,,a .,,

i:: absorption by oil increases with an increasing speed. It also in-

creases with an increasing oil flow. As the bearing temperature

rise goes down with an increasing oil flow, most of the oil must act

as a coolant. Figures 31 and 32 show the total horsepower absorption

by oil as a function of shaft speed N and oil flow Q, respectively.

In Figure 31, the relation between H0 and N changes a_ 40,000 rpm,



u-'_

i' or@ , , . .., . IC Oil flow" N,-70_ooor_ ,_ (ka/aim]_. m Shaft speed N (rpm) I

ll_ _---__-_--_ _-5-_---_ _ o , , , .

_ f _,i_,.._ N._O _ I¢ .... N=6OJaOOrl_

.- 011 flow.0 (_IBIA) _ :x_ - N=8O_--_
• _ _._.-_,SFigure 32. Horsepower absorp-

tlon by oli and oli flow _°_ _'_ _._,, tw

Just as for the case of the bear- _ ''"_r I

Ing temperature rise. In the a ....... ....tioo .... L,_

high speed region above 40,000 Load P (kg)

rpm, it can be expressed as Figure 33. Horsepower absorp-
tion by oll and load

( 6)

The smaller exponent of N corresponds to the larger value of TB - TI.

From Figure 32, the relationship between H0 and Q can be ex-

pressed by

_'_" ( 7 )

The larger exponent of Q corresponds to the larger value of TB - TI.

The above results are for the constant thrust load of 50 kg.

In Figure 33, the relation between the total horsepower absorption

by oil H0 and the thrust load P is shown, From this, it can be
approximated by

mo:P'.,'-,._, (8 )

The greater the speed and TB - TI, the smaller is the exponent of P.

31
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The above results are for the constant inlet oll temperature of /2__!I

30° C. Figure 34 shows a sample of the relationship between the in-

let oli temperature and the total horsepower absorption by oil when

the Inlet oll temperature is varied from 30° C to 120° C. As the in-

let oll temperature increases, the total horsepower absorption by oll

decreases because friction torque decreases also. This point will be

discussed in the section on f_Ictlon torque. Figure 35 shows the re-

lation between the oll Viscosity at inlet oll temperature ZI and the

\ I ollfloI

_ Inlet o-_Itemp TI (°C) _i "'_._"

_.o 34.,o_,_o,or_so_- _ .___'t_"
tion by oil and inlet oil tem- i_m j__._._._,._.

perature ,_ _.,._..,s...,_ --

a, _ ..... ._ •

total horsepower abso_ptlon by Viscosity at inlet oil temp ZI (cP)

oil. The relation between the Figure 35. Horsepower absorp-

total horsepower absorption by tlon by oll and viscosity atinlet oll temperature

oll H0 and ZI can be approxi-

mated by

l&_Z,'."_.' (9)

As the shaft speed and TB _ TI increase, the exponent of ZI also

decreases.
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;_ Summarizing the above, the total horsepower absorption by oil

iJ H 0 in the high speed region can be approximated by

[j _&_0.,_._.,_.,,_,._._.,_., (i0)

The smaller exponents of ZI, P, and N and the larger exponent of Q

correspond to the larger value of TB - TI.

Compared to Equation (5) for the bearing temperature rise, the

exponents of Zi, P, and N are similar. The sign of the exponent of

is reversed, and the smaller exponent of Q in the bearing tempera-

ture rise and the larger exponent of Q in the total horsepower absorp- /22

tion by all, correspond to the larger value of TB - TI, indicating

that, under such a Jet lubrication, most of the friction generated

heat is carried away by oil.

Let us examine f'urther the action of oil as a coolant in the

high speed roller bearing. Table 3 shows the ratio of oil flow trans-

mitted through the bearing to the total supplied oil flow, that is,

the penetration ratio. It decreases with increasing speed. As shown

also by Noto's [5] experiment, at a high speed the surrounding air

and oll are churned, and oil has difficulty entering inside the bear-

ing. Also in Table 3, as oil flow rate increases, the penetration

ratio becomes smaller, especially at low speeds. As the Jet velocity

is fixed at a roughly constant Value for each oil flow in this ex-

periment, the Jet flow diameter must increase when the oil flow in-

creases. It is assumed that oil has difficulty enEering because the

clearance (diametral clearance of 1.5 _tm) between the cage and the

inner race is small, and thus the p_netration ratio decreases. With

the larger type bearing and a larger clearance between the cage and

the inner race, different results from Table 3 can be expected. In

any event, the penetration ratio is around 25 - 40% in all cases at

high speed. As the transmitted oil is assumed to have more effec-

tive heat exchange inside the bearing, its temperature rise is greater

than that o.? the deflected oil as shown in Table 3. The temperature

of the transmitted oil in high speed rotation is either equal to or

even higher than the bearing outer race temperature. This is reason-

able, in view of the fact that the temperature of the cage and"the
33
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roller body is significantly higher than the outer race temperature.

Overall, the amount of heat carried away by the deflected oll is

generally greater, as shown in Table 4, because its ull flow rate is

greater than that of the transmitted oil, as shown in Table 3, even

though the temperature rise of the deflected oll is smaller. Figures

36, 37, 38, 39, 40, and 41 show the penetration ratio K, the horse-

power, absorption by the deflected oll HR, the horsepower absorption

by the transmitted oll Hp, and the total horsepower absorption by ol]

H0 as a function of speed N for each oll flow rate from the data in

Tables 3 and 4. The _.orsepower absorption by the deflected oll is

generally greater, but at high speed with a penetration ratio of

roughly 30%, the horsepower absorption by the transmitted oll is, in

some cases, nearly equivalent to that of the deflected oil.

rd
_q ..... . _ rd
O . ,q

t,.O _ -_mi. ./.IL, o
s:::

c_

/.
•el 0

_ _ o

.m "" H, 60 .m-._ __,

. ,0'%_' o_ ._o
o ,o _ _.
°2o o.,._o _
_ to

_0

.

o ". ' ' i '_ o ,Shaft speed_#(,_)
Shaft speed__(,p,) m

Figure 37. Horsepower absoPp-

Figure 3_. Horsepower absorp- tlon by oll and penetrationratio as a function of shaft
tlon by oll and penetration speedratio as a function of shaft

I-. speed :

X --- total horsepower absorp-
tion; @- hoursepower absorp-
tion by the deflected oil;
@ m horsepower absorption by
the transmitted oil; A ---

penetration ratio
'{._,a, _.,,L_,'I;_{t_;,":. _;__2_£_%,_ff_, .{_{_,_._,_2_g_;'_,:i._-__r. 0 _,_,
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Shaft speed N (rpm) Shaft speed N (rpm)

Figure 38. Horsepower absorp- Figure 39. Horsepower absorp-
tion by oil and penetration ._ion by oil and penetration
ratio as a function of shaft ratio as a function of shaft

speed speed

,,-I

Shaft speed N (rpm)i Shaft speed N (rpm)

Figure 40. Horsepower absorp- Figure _i. Horsepower absorp-
tion by oll and penetration tlon by oil and penetration
ratio as a function of shaft ratio as a function of shaft

speed speed

35



4o7. Heat Exchange Efficiency of Lubricating Oil

We have examined how oil acts as a coolant in the high zpeed

roller bearing, and how the horsepower absorption by the transmitted

oil and the deflected oil reacts to the change in the per,etratlon

ratio in the high speed region. Next, we shall examine it in more /2_33

detail from the viewpoint of heat exchange between the bearing and oil.

When the bearing reaches a normal condition, the amount of heat

generated by tho bearing friction will be equal to the amount of heat

radiated from the bearing. There are two kinds of heat radiated from

the bearing; one is the heat radiated into the surrounding air by

convection, radiation; or heat conduction of the bearing box and the

shaft, and the other is the heat carried away by oll while lubricat-

ing oil is passing inside the bearing. In Jet lubrication using a

large quantity of oil, the former can be safely ignored. Conse-

quently, if we let friction generated heat per unit time in the bear-

ing be H, then the following relation holds:

H=C_(7%-'r__ (ii )

;_ where Cp is the specific heat of the lubrication oil, Q is the lubri-;]
cation oil flow rate per unit time, TL is the outlet temperature of /24

the lubrication oil, and TI is the inlet temperature of the lubrica-

tion oil.

If we let h be overall thermal conductivity of the bearing, then

from Equation (ll), we have [6]

T_oF

2

o

36 .f
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-i; where T D is the bearing outer race t,-.'nper.:itur,,,a
}
, air temperature, nE is tl%e heat exch'_n_<e efi'Ic]cnc.v of ].ubr,]catlnj_i
"i oil, and rlI is the efficiency due to the dl.fferene,, betwK.,r,t,tl,e inl_t
!

i oil temperature and th_ outside air temperatur,_.As oli is discharged from both faces of the be_irlnl_ In a Jet

lubrication, nE in Equation (12) can be expressed by the follow]rU _,

taking into consideration the transmitted and deflected flows of

lubricating oil inside the bearing:

31,-'!'e (15)
_" Tj-Y'l

where TLp is the outlet oll temperature of lubrlcatin_ o ll on the

transmitted side, TLR is the outlet oil temperature of lubr_catln_

oll on the deflected side, K is the penetration ratio, np _s the heat

exchange efficiency of the transmitted oil, and nR Is the heat ex-

change efficiency of the deflected oil.

From Equation (12), nlnECpQ should be 2ncreased to increase the

effect of cooling by oil and to lower the bearing temperature rise.

Althou_h there is no problem In increasing n I by lowerin_ the inlet

oil temperature, there is a limit. As the specific heat or lubricat-

Ing oil is constant at approximately 0.4 -0.6 kcal/kg • °C. it is

better to increase Q. But, as will be mentioned later, an _ncrease

in Q results in a decrease in hE, so that h does not ]ncrc:_cc t.×_ctl.v

as shown by an exponent of Q in Equation (2). The mo_t ef{'(_ct[ve w',y

would be to increase Q and, at the same time, incr,_:a_;cni_.

,w.,
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TAHLE 5. HEAT EXCHANGE EFFICIENCIES OF OIL nR, qp, n E,
AND SIIAFT SPEED

(30 ° C inlet oll temperature and 50 kg thrust load)

i #R %
Shaft speedl Oil flow Pate kg/min

i_ rpm I 3 1.8 l 0.72 0.44 ! 0._
t

-----T_,'_) it 7_.5 _. 2 _.9 93.s ', zt_ 7 z_,
30,000 I 78.2 86.2 W.5 t_ 96.9 _._

I i
40,0_ 72.7 • 83.7 87.9 _9.9 95.4 i 95.S
50,000 ! b"/.4 75.4 78.3 87.1 91._ 93.8

60,000 I 60.9 66.3 68.2 78 t!4.4 89.4

70,000 I 86.3 57.6 59.7 72.5 74.0

II0,000 1 83.7 _).7 _.2 t 70,3 •

°°+'I ......
Shaft #, W

P Oil flow rate

3 I 1.8 1 0.72 0.44 0.22
oo+

20,000 78.5 l 84.:_ 8,5._ 87.5 87.5 91.8

30,000 78.2 I 8Z.7 ., 63.3 84 86.2 9140,000 ?8.8 79.1 84.5 81.2 + 84.1 90.8

50,000 85.7 [ 90.2 95.2 87.1 96.6 99.4

60,000 100 I 101.2 106.4 90.6 106 101.870, 000 104 108 10@ 98. 2 104.8

80,000 111 l 168.5 110.5 104i

Shaft speed Oil flow rate kl.mb,
"I"

3 1.8 1 | 0.72 0.44 0.22q

L_O,000 78.5 84,2 86.8 89.8 92.7 95.4

.10,(1iX) 78.2 84.6 87.:_ 86.8 91.5 94.1

40,(H! 74.9 t_. l I_.7 86.:_ 90.8 93.9

_t),t,_) 73. l lg). 2 tel. 6 87.1 93. 5 96.1

,iO,O00 72.3 76.6 80.6 83,4 95.2 94.6

T1),(_O 68.9 72,7 76.4 82.8 " tl,l.q

_,_0 68.9 VO.5 73.6 82.8

3. Figures 42, 43, 44, 45, 46, and 47 show the penetration ratio K

:.u_d the heat exchange efflclencles of oll hE, nR, and np as a func-

tion of speed N from the data in Tables 3 and 5. Whereas the heat

cxchan_'c efficiency of the deflected oli n R decreases with an 4
!

+... +., ++.+._-:.,.+--+_"+++-_..+.+:_._.+,._.-++-,+._,+-. ++ .+<+....... • ..... .+ + .,+,_._+_+,,:_,<_...+i.+?,_ +:_
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• 4-_ | ,rt 4-_

Shaft speed, N (rpm) _ Shaft speed N,_,_o

o

Figure 42. Heat exchange effi- FiguPe 43. Heat exchange effi-
ciency of oil and penetration ciency of oil and penetrationratio versus shaft

speed ratio versus shaft speed

Shaft speed N,(,_) _ _ --i _ 's 4 5 _' 7' i __e
_ Shaft speed N,_)

o Figure 44. Heat exchange effi- o Figure 45. Heat exchange effi-
ciency o_" oll and penetration clency of oil and penetration

ratio versus _haft speed ratio versus shaft speed

increasing speed, the heat exchange efficiency of the transmitted

oil Up rapidly increases with increasing speed, reach]n_ I00% or

more for each oll flow at high speed. _p of more than 100% means

that at high sicced, the temperature of the cage and the _oller body

39
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Figure 46. Heat exchange effi- Figure 47. Heat exchange effi-
ciency of oil and penetration ciency of oil and penetration

ratio versus shaft speed ratio versus shaft speed

is higher than the bearing outer race temperature and the transmitted

oil temperature becomes higher than the bearing outer race tempera-

ture. Thus, at high speed, 0p is expremely large compared to OR,

and the cooling effect of the transmitted oil is quite large. Be-

cause the penetration ratio decreases to roughly 30%, and the amount

of the transmitted oil decreases at high speed, the total heat ex-

change efficiency of lubricating o11 OE increases by only lO - 30%

over _R" Therefore, it is still possible to increase _E by increas-

ing the penetration ratio. As shown in Figures 42 - 47, as oll flow

decreases, OR increases, and with oil flow of 0.22 kg/min, _R is

nearly equivalent to _p. As a result, _E increases with a decreasing

oil flow. It shows that, _hen oll flow is large, the percentage of /2___8

oil flow actually performing effective heat exchange by contacting

the bearing surface is small, and this percentage increases with a

decreasing oil flow.

4O
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As can be seen in Figures 42 - 47, DE varies with speed and oll

flow. An approximate relationship between the average value of n E

and oil flow Q in the high speed region is shown in Figure 48. As

mentioned before, nE increases with decreasing oll flow. From Fig-

ure 48, the relation between RE (%) and oil flow Q (kg/mln) can be

expressed by

In order to reduce the

bearing temperature rise of the _ I_-----___

high-speed roller bearing, the
e

oil flow must be increased. On
O

the other hand, since increased e
oil flow causes a decrease in

qE' qE must also be increased
|_ , , , • , * • . , _ t .....1

by increasing the penetration _ Oil flow Q (kg/m_u)

ratio. The preliminary experi- o Figure 48. Heat exchange eff!-
ment concerning a Jet lubrica- ciency of oil and oil flow

tion, such as the oil Jet velo-

city, in the previous chapter

was conducted from such a viewpoint. The penetcc_ion ratio is an

important factor affecting the heat exchange efficiency of oil and

the bearing temperature. The greater the penetration ratio, the

greater becomes the heat exchange efficiency, and the smaller becomes /29

the bearing temperature rise• Although the penetration ratio affects

the bearing temperature rise, it is not necessarily related to the

limiting speed, as will be mentioned in the next chapter.

4.8. Bearin_ Friction

Figure 49 shows the friction torque as a function of _peed for

each oli flo_ rate from the data in Table 3. The friction torque

increases with increasing sp_ed, but decreases with decreasing oil

flow. Figure 49 is for the case of a 50 kg thrust load. If the load

41
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Figure 49. Friction torque and
shaft speed

Shaft speed N, rpm

is increased, the friction torque Figure 50. Friction horse-

will increase also, but the be- power loss and shaft speed

havlor as a function of oil flow

and speed are identical with Figure 49. Figure 50 shows the friction

horsepower loss obtained from the friction torque in Figure 49 as a

function of speed for each oil flow rate. In order to reduce the

bearing temperature rise at high speed, a large quantity of oil must

be supplied, but the friction horsepower loss correspondingly in-

creases, reaching 4.5 PS a c 80,000 rpm speed and 3 kg/min oil flow.

Compared to the horsepower absorption by oil in Figure 30, they are

of about the same magnitude, indlcating that most of frictional heat

is carried away by oil, although there are some differences depending

on the magnitude of oll flow.

4.9. Friction Characteristics of the High Speed

Roller Bearing

As most of the bearing frictional heat is removed by oil in jet

lubrication with a large amount of o_l flow, the bearing temperature

is roughly determined from the relationship between them. The fric-

tion force or the friction-generated heat of the high speed roller q

bearing will be the main problem here.

42
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In the relatively low speed experiment by Hirano [7], the fric-

tional force F and the friction generated heat H with large oil flow

Je_ lubrication are approximated by

F=Z,N (15)

where ZB is oil viscosity at the bearing temperature, N is the shaft

speed, and C1 and C 2 are constants. The above results also hold in

the low speed experiment by Soda and others [8].

Based on the above results, let us discuss friction torque in

the case of high dn values in Figure 49. In the group of friction

torque curves in Figure 49, at the identical speed, the friction

torque is greater for greater oil flow. This can be thought of as

the effect of viscosity change due to oil flow change, rather than

the effect of oil flow itself. As the bearing temperature is roughly

inversely proportional to (oil flow)l/2 from Equation (2), at the

' identical speed, the bearing temperature becomes lower as oil flow in-

creases (fig. 40); in other words, viscosity ZBbecomes greater. Thus, the

behavior of the friction torque curves with respect to oil flow and

speed confirm Equation (15). In order to verify this, friction torque

in Figure 49 is rearranged using the product ZBN w where ZB is vis-

cosity at the bearing temperature and N is the shaft speed w as a

parameter, and the result is shown in Figure 51. With increasing /30

speed, ZBN increases, but above a certain speed, ZBN decreases with

an increasing N. This critical ZBN value, the point at which ZBN

starts to decrease as N increases, shifts toward greater ZBN as oil

flow rate increases. Since the bearing temperature rise increases

in proportion to N 1"44-i'7, shown in Equation (1), the percentage

decrease in viscosity due to the temperature rise becomes greater

" than the percentage increase in N at high speed, and, on the whole,

ZBN decreases as N increases. As the bearing temperature rise de-

creas 3 with an increasing oil flow, the critical ZBN value shifts



Oil flow Q (kg/min) Q",\
_ " I_ ,_-_Qil flow Q (kg/min)

L 4\

o ')e" ° A/
4

4-k
0

'_'q( L. a....

_Jv@P,rm) ' .. Zj,V(eP,,_)

Figure 51. Fi'Ictlon torqae Figure 52. Viscosity at the bear-

and ZBN Ing temperature and ZBN

correspondingly to the greater value. In regard to the friction

torque corresponding to this change in ZBN, in the region in which

" ZBN increases with an increasing N, fl.lctlon torque also increases

with N and up to the critical ZBN value. It lles on a single straight

line regardless of oil flow. On the other hand, in the region in

which ZBN decreases with an incressing N, friction torque increases

despite decreasing ZBN. Up to the critical ZBN value, friction

... torque can be roughly expressed by ZBN , regardless of oll flow. How-

ever, at high speed with an excessive increase in the temperature

rise and a decrease in viscosity, friction torque cannot be only ex-

pressed by ZBN. This critical va_ue is also affected by the magni-

tude of the oll flow. Figure 52 shows the viscosity at the bearing

temperature ZB for each point in Figure 51 as a function of ZBN.

Irrespective of oil flow, the critical point of viscosity at which

friction torque starts to deviate from _he ZBN straight llne is al-

ways in the neighborhood of 5 cP. From this, it can be sai_ that,

when the viscosity at the bearing temperature is above 5 cP, the 4

bearing friction Is primarily governed by the viscous frlction, iJ
.j'
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whereas when the viscosity is below 5 cP, the boundary friction

greatly enters into the picture, causing a deviation and increase of

friction torque. Hirano [6] estimated the safe lower limits of ZB

as l0 cP by studying the oil film formation in the measurement of

electrical resistance in various parts of the roller bearing. Abso-

lute values of ZB may be slightly different due to the effects of

bearing precision and type, but qualitatively they are in agreement.

The above conclusions based on the friction experiments seem to

be reasonable at first glance, but when their content is studied in

more detail, many unconvincing points appear. First of all, the

lower limit of ZB as 5 cP is too large, considering an introduction

of the boundary friction. For example, most of the ball bearings for

the main bearing of Jet engines are used at much lower viscosity con- /31

dition. If the boundary friction is to start below 5 cP, then the

sliding contact portions of the cage should rapidly wear out and be-

come unusable in a very short time. But in reality, a Jet engine

operates safely. The second problem is in regard to the range within

which EqUation (15) --that is, the proportionality of frictional

force to viscosity and speed --holds. Even if Equation (15) can be

applied to an experiment in which the dn value is l0 x l04, there is

a question as whether it holds when the dn value is up as high as

200 x l04 or greater. Yamada and others [9] measured the friction

torque of cylindrical roller bearing #215 for dn values of up to

120 x l04, and found the friction torque to be a function of ZB and N

with a certain exponent. Although the bearing friction is a basic

factor which determines the bearing temperature rise and other fac-

tors, experiments which measure friction are very rare, and, in parti-

cular, there is uo experiment which measured it for dn values of up

4
to 250 x l0 . Until this friction characteristic is confirmed by

experiments, it is dangerous to reach a c_nclusion. Consequently,

the characteristics of friction torque will be discussed in more de-

tail in the next section.
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4.10. Various Factors Affecting Friction Torque

The friction torque shown previously i8 measured by keeping oil

flow constant, but varying the shaft speed. In order to clarify the /_33_

friction torque characteristics, the manner in which viscosity at

the bearing temperature affects the friction torque must be investi-

gated. For this purpose, inlet oil temperature is varied from 30 ° C

to 120 ° C while maintaining constant speed, and the relation between

the viscosity at the bearing outer race temperature ZB and the fric-

tion torque for each oil flow are examined. The results are shown in

Figures 53, 54, 56, and 57. For the relation between the friction

torque M and ZB, an exponent of ZB increases as speed decreases. On

the average, in the relatively high speed region, it can be ex- /33

pressed by

_=Z_, (17)

all ............ ,

Vise.at bear.temp.ZB,CP Visc.at bear.temp.ZB,CP

Figure 53. Friction torque and Figure 54. Friction torque and
viscosity at the bearing tem- viscosity at the bearing tem-

perature perature
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Shaft speed N (rpm) Shaft speed N (rpm)

Figure 58. Friction torque and Figure 59. Friction torque and
shaft speed shaft speed

From the above series of curves for M and ZB, the relation be-

t,_een M and N can be obtained for a fixed ZB. This is shown in Fig-

ures 58, 59, 60, 61, and 62. The average when ZB is small --that is,

when TB - TI is large -- can be expressed as

(18)

Figure 63 snows the effect of oil flow on the friction torque /34

when N and ZB are fixed. As the experiment this time is conducted
with each factor separated, there is a difference in content compared

to the effect of oil flow accompanying a change in the bearing tem-

perature which appeared in Figure 49. The effect of oll flow can be

48
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considered to be genuinely based

on the churning reslstanoe of I_ _, #-m_ - "--I

oil inside the bearing. From
!

Figure 63, the following ap- I __._,_d|

proximatlon holds: ._ ',_-_ [J

_10 .... _ '
N-_,OOO,p,,

Summarizing, unlike Equa- _ I 13__%5
tion (15), the friction torque = _...._.s

at high dn values can be approxi- o s

mated by the following formula _ ._ i
0 _ i , , , ._.tl . _ ,, • .L,_

containing Q: _ ......

If the friction curves in - A_-''4_- "-

Figure 49 are arranged according a .._____._ .....|_ . _.......
to Equation (20), they should Oil flow Q (kg/min)

fall on a single line. Figure

64 is the result of obtaining Figure 63. Friction torque and

the viscosity at the bearing oil flow

temperature ZB for each point in

Figure 49, and arranging, using ZB0"4NI'2Q 0"2 _n Equation (20). As

shown in Figure 51, the friction torque M branches off depending on

oil flow when correlated with ZBN , but when arranged with ZB0"4NI'2

Q0.2 they fall on a single line. At i0,000 rpm, a slight _eviation

from this straight line occurred, but that is expectedj as Equation

(20) is assumed to hold in a relatively high speed region. Under the

friction conditions of 80,000 rpm maximum speed, 240 x ]04 maximum

dn value, 1.5 cP minimum viscosity at the bearing temperature, and

0.22 - 3 kg/min oil flow, viscous friction primarily controls the

bearing friction, and the friction torque up to the high dn value of

240 x 104 can be generally expressed by Equatlon (20). The fact that

it is applicable up to the minimum viscosity of 1.5 cP requires a new

5O
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Interpretatlon of the phy.'_i-

s_ ....... pi, '- ....
cal meaning: of the critlcal N_ .....
vinoo_Ity (i0 cP) reported by _"-:"

f.)

Hirano in the previous _ec- _12_ . 2_,/

tlon. This can bc understood "_

by the followln_ explanatlon. :_:
The critical viscoslty Is not

o' I flow q (:_/min)

l:, 2 _g'a eQ-3Just determined by a sincle o

factor, but rather it is af- _ 10_oo,_, ,,_ , 18
= . A_.,_' *, n

fected by the friction con- o. ,4__o A 0n

ditions such as load and _ ' _ ' 0.44
,,-I

speed, Just as for the slld- _ _ ' _ .... I_ 'l_xtO'
ing bearing. In fact, the zt'm'@%J,.,p,._,/,_,)

critical viscosity of i0 cP

by Hirano is estlmated frum Fi_iure 64. Fr_ctlon torque, vls-
comity, shaft :zpeed, and o_I flow

the low speed experlment, and

it cannot be applied as is to

the high speed condition. It became clear from th1:_ experiment that

at high speeds a quite safe operation can be performed even in the

neighborhood of the low viscosity of 1.5 cP.

Figures 65, 66, 67, 68 show the similarly arranged results for

friction torque under a thrust load other than 50 kg. Just as for a

50 kg load, Equation (20) holds for other loads also. The case for

I0,000 rpm is omitted because of the deviations. These result_ are /38

summarized in Figure 69. It can be seen that the frlct_on torque M

consists of a velocity term Mv which increases wlth an Increaslm_ ZB,

N, and Q, and a non-veloclty term which Increases w_th an increasing

bearing load, As is clear from Figure 69, at hl,,h dn value_, the

velocity term makes up most of the friction Lorque and the p_,rc,:nta,_e

contribution of the non-veloclty term is extrem,_ly small. A pur-

centage Increase in the non-veloclty ;erm due to a load Increa'._c ts

also small. The fact t_t the exponent of P 0.13 - 0.17 was extremely

small compared to the exponent of N i._4 - 1.7 in t_,_ experimental

equation for the bearing temperature rise [Equation (5)] is based on

the above friction characteristics. Although the velocity term of

5]
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f]:'Ictlor_ t<_t'+|uc' Mv
S L • II I t

,*_1 II+'t_l_).,y ct-_an_;c:.] wI th .... P=SSkJ
load In F't_.)+n_.69p It i_

CLLI'I b<' U.L_at,ltllOd LO bO ,_

roughly constant. Mv ._*

/e/
(kg . era) can then be

__¢_--0ii f] oW Q _g/min)exprea_;ed on the aver-
o " _ - ,O-S

age by *_ 0_" " . 1.8 •

o _.;._ - +_ OTs
_...=m+xlm.Zp.+A,.,_.,(21 ) "-+,__ + 041

0 " = G33

where ZB is in cP, N in m + + +o .... +xlP /39
ZPN"_ (cP,m,. kj/sl.)

rpm, and q in kg/mln.

Figure 65. Friction torque, viscosity,

On the other hand, shaft speed and oil flow

the non-velocity term

of friction torque, M s,, -_+;-
P _,

E_ P=IO01_
(kg • era), varies as a o

_; 4 , ,
function of the thrust

load F as shown in Fig- "-"

ure 70, and can be ex-
=

pressed by _. w Q (kg mln)
0P_ +,r:_'°+_ .<1"3

(22) + o"";.
it"where P i_ in kg,. +-, + _4¢

The frictior, ' I_ '_6 ' " ,xlO'

torque M (kg • era) then Z|'_v"ct"(_r,mn.k,/,_l.)

become'4 Figure 66. Friction torque, viscosity
shaft speed, and oil flow

,W=_@+A&

:?xlo-'m.' o-,zM.,,_.,_,.,(23)
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The bearing friction horsepower loss H B (PS) is calculated from

Equation (23) as follows:

Ha=g.SxXO"_"_+S.SxlO'"Za°"_"_ '' (24)

where P is in kg, ZB in cP, N in rpm, and Q in kg/mln, Just llke

Equation (23) for the friction torque.

4.11. Equation for Estimating the Bearln_ Temperature

Rise

In the previous section, an experimental equation for the fric-

tion power loss was determined. Based on this friction power loss,

the bearing temperature may be stipulated. As mentioned before,

most of frictional heat is carried away by the oll in large-oil-flow

Jet lubrication. Therefore, by substituting Equation (24) in Equa-

tion (ll) and using Equation (13), the bearing temperature rise can

be established as

As the heat exchange efficiency of lubricating oil qE varies

with oil flcw Q and its relation is given by Equation (14), the bear-

ing temperature rise can be shown by the following for the specific

heat o£ oll Cp of 0.5 kcal/kg " °C:

(Y'r-_)=_.SXlO-O_.,N_o.m

+9_,o--z_*.,_._., (26)

Here, if

Znu(Tj-"z';/ T,)-- (27 )

holds, then TB - T I can be determined. ZI is oil viscosity at the

inlet oil temperaturc.

5_
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F_ure 71 shows the rela- I| ............I

tion between TB - TI and ZB/Z I _IZ,-I.6(_-_)"!
calculated from the viscozlty- / I . II I

temperature curve in Fi_urc 4 /Z,/z,-xs_o-Z)"!
when the inlet oil temperature

TI is 30° C. It is seen that _1,, -.--
from Figure 71, Equation (27)

• holds corresponding to the

_.,.. range of TB - TI. This rela-

!_ tion holds in about the same _I............
i_ way when the inlet oil tern- ''"|,_

Bear.temp.rlse TB-TI (oC)
' i perature is varied. From Fig-

ure 71, Equation (27), corre- Figure 71. Bearing temperature

sponding to the temperature rise and ZB/ ZI

range of TB - TI can be ex-

pressed by the following:

(2) when TB - TI is 15 - 40° C,

Z,=s.szacTn-'r,)-,., (29)

(3/ when TB - TI is 35 - 120° C,

Za=*4z,('ra-_',)-, (30 )

where ZB and ZI are in cP, and TB and TI are in °C.

By substituting the above equations into Equation (26), the

bearing temperature rise can be obtained. From the range of the

bearing temperature rise shown in Figure 24, ZB in Equation (29) or

Equation (30) is to be used depending on the magnitude of TB - TI.

The following equations for the bearing temperature rise (°C) are

55
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Consequently, the bearing temperature rise can be obtained by

solving Equation (31) or Equation (32) depending on the magnitude of

TB - T I. The first term in Equation (31) or (32) is based on the non-

velocity term, which varies with load, or friction torque, while the

second term is based on the velocity term. As the non-velocity term

is extremely small, compared to the velocity term a high speed, the

first term in Equations (31) and (32) may be omitted, and the bearing

temperature rise (°C) then becomes as follows:

(i) when TB - T I is small (15 - 40 ° C),

T,-D=I.ex,_.Z_aN_-Q-..- (33)

(2) when T B - T I is large (35 - 120 ° C),

T,_D=z4×,_,Z_.,_._2_., (34)

Depending on the magnitude of T B - TI, the exponents of Zl, N,

and Q vary from 0.29 to 0.32, 1.58 to 1.78, and -0.46 to -0.53, re-

spectively. There is a good correspondence to the experimental equa-

tion for the bearing temperature rise [Equaticn (5)] in which the

exponents of Zi, N, and Q vary from 0.25 to 0.5, 1.44 to 1.7, and

-0.41 to -0.58, respectively, depending on the magnitude of TB -. TI.

As the exponents in Equations (28), (29), and (30) decrease as the

oil viscosity exponent increases, the exponent of each factoz, above

increases as the viscosity exponent of oil used increases.
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The relationship between the bearing temperature rise and Zi,

N, and Q is thus explained b_ed on the equation for the friction

power loss. The experimental equation for the bearing temperature

rise (5) contains load P, but Equations (33) and (34) do not contain

P. This is because (33) and (34) have omitted the first term in

Equatlons (31) and (32) based on the non-velocity term of friction

torque which varies with the load. If the load is included, Equation

(31) or (32) must be dlrec_ly solved, in this case then, the bearing

temperature rise cannot be expressed by a simple form, such as the

experimental equation for the bearing temperature rise (5). However,

it can be approximated to the form of Equation (5) for t-h_ Nearing

temperature rise as follows. As friction power loss can be expressed

by Equation (24), If_it is arranged with ZB0"4N2"2Q 0"2, it
should

fall on a single curve for each load. Figures 72, 73, 74, 75, and 76

are the results of arranging friction power loss for each load with

ZB0"4N2"2Q0"2, and they indicate that Equation (24) holds. Figure 77

is a summary of Figures 72 - 76. An increase in a straight llne slope

with an increasing load is due to the first term of Equation (24).

0.4 2.2 0.2 of
The friction power loss as a function of load for ZB N Q

3 x I0 I0 5 x i0 I0 7 x i0 I0 ].0I0, , , and 9 x is shown in Figure 78, and /44

the following approximation results:

l_l,.- (35 )

Thus, the friction power loss HB (PS) can also be approximated

by the following equation, instead of Equation (24):

p e°_

H._3. 8X 10"lt(--_) Z_.'_.t_l e..

m_.2xl_tl_.ly_jo.4_.l_ll. , (36)

where P is in kg, ZB in cP, N in rpm, and Q in kg/mlnj Just as in

Equation (24). Using Equation (36) instead of (24), and using the

same method used in obtaining ('3i)i"Qr (32), the bearing temperature

rise can be obtained as follows:
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(I) when TB - T I is small ,'15- 40° C),

_a-T,.s,_xlO-,Zp.P.,,_,._-*.. (37)

(2) when TB - TI is large (35 - 120° C),

r,-_=s.rx,_,&o.,r.,_._,.- (38)

The exponents of Zl, N, and Q in Equations (37) and (38) are the

:' same as in Equations (33) and (34), of course, but the exponent of P

varies from 0.i to 0.14, depending on the magnitude of TB - TI. This

corresponds fairly well to the experimental equation for the bearing

temperature rise (5), in which the exponent of P varies from 0.13 to

0.17, depending on the magnitude of TB - TI.

Le_ uS now compare the bearing temperature rise, determined in

Equation (37) or (38) from friction power loss, with the observed

data. As this experiment has as its subject the case of high dn

value, or large TB - T I, the comparison will be between Equation (38)

and the observed data. Figure 79 is a result of using ZI0"29p0"I2

NI'98Q -0"46 in Equation (38), _

which holds when TB - TI is _ I_. •...... r"_ ' I

large, the bearing outer _I I
race temperature rise shown Im| " _ l

. . in FigUre 24. Though there • I_ f I
are deviations at i0,000 rpm, _ | 2g- _

20,000 rpm, and 30,000 rpm, I | -_ _- ..... L . ,
I lYOil'Itow _ _zg/mln)

Equation (38) holds in the • | ,_A/ , .Q-3

high speed region above . : _ S,_r/: _ zl-

80,000 rpm. In the low _ ./|.__- " .e°:"
speed region below 30,000 _ I +2_' . .

I /rT

rpm, Equation (37) is ex- _ I_'- , ,,
pected to hold. The bear- _ _xlr
ing outer race temperature _ " Z_"W_*"(,__.*,)

rise above 40,000 rpm will
Figure 79. Bearing temperature rise,

then be governed by Equa- viscosity, load, shaft Speed, and oil

tion (38). Figure 80 is a flow



rcsult of using ZI0'29p0"I2 _oo

NI'58Q "0"46 in Equation ($8) _ (_-_1
H

to plot the obscrved data a

on the bearing outer race _m .
e

temperature rlse TB - T I

under the following variable _ .... ",•
conditions: speed of _ • • "

40,000 rpm, oil flow of
o

0.22 - 3 kg/min, thrust load

of 25 - 200 kg, and inlet •

oil temperature of 30 - 120 °

C. As is clear from Figure 80, _ . _,

the estimating equation and _ Z_"N_O._/.i_

the observed data for the
Figure 80. Bearing temperature

bearing temperature rise un- rise, Viscosity, load, shaft speed,
der variou_ conditions at and oil flow

high speed agree extremely

well.

The equation for the bearing temperature rise is thus estimated

inversely from the friction torque, and it agreed with the observed /46

data very well. It is important that the high speed roller bearing

friction under Jet lubrication be expressed by Equation (20),rather

than being simply proportional to ZBN , and that a certain viscous

friction law holds within the authors' experimental range despite a

severe high-speed low-viscosity condition. The constants aSwell"as

the exponent of each factor in the above equations are expected to

vary depending on the bearing structure, such as the cage guide type,

and the bearing dimensions. We will touch on this point later on.

4.12. Allowable Limiting dn Value

It is clear that, except for the case of extremely small oil

flow, the bearing friction up to the dn value of 240 x l0 4 is, on

the whole, composed of viscous friction• Thus, the region up to this

dn value belongs within the safe limit. If the speed is increased
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_' further, a deviation from th_ relationship shown in Figure 80 would

i-_ appear, and the limiting speed would be reached. As the bearing tem-,-_.

iJ speed)l 44-1 7 as indicatedperature rise increases in proportion to ( " "

!/_ by Equation (5), considerable overheating of the bearing takes place
4

i_ at high speed. As a result, there is a limit based on the mechanical

strength of the bearing material and the thermostability of lubricat-
ing oil at high temperatures. In addition, even if the bearing tem-

perature is within the safe range, the limit should appear from the

lubrication difficulty in the sliding friction portion inside the

bearing, particularly in the cage, roller body, and the race riding

surface of the inner and outer races. This limiting speed varies

substantially depending on the method of lubrication. The problem is

that, even if a positive lubrication is used, oil is not well accepted

due to the churning of the surrounding air and oil at high speeds.

A result of the experiment conducted to clarify the allowable

limiting speed under Jet lubrication is shown in Figure 81. Although

there are slight variations, the

friction torque rapidly increases,

_, ........

accompanied by violent fluctuations, Oil flow Q (kg/min) c_-_

and results in failure in the nelgh- o_-, / ]_ _n_ _!.,borhood of 70,000 rpm with oil flow //l_

of 0.22 kg/min, 80,000 rpm with _'$° I . i/_///_:.

0.44 kg/min, 90,000 rpm with 0.72

kg/min, and 95,000 rpm with more

than i kg/min. The corresponding _ !_

dn values are 210 x 104 , 240 x 104 , _ y270 x 1044 and 285 x 104 _ _, respec- _

tively, as shown in Figure 82.

When the speed was increased above _ _ '

80,000 rpm, a phenomenon of tem- m Shaft speed N (rpm)

porary friction increase appeared, Figure 81. Bearing tempera-
ture and shaft speed (limit-

followed by its decrease and ing speed
stabilization. This can be con-

sidered as the sliding friction
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portion of the cage becoming used

to the wear by having local metallic _ ......_ ' ' '

contact and wear, Just as for the • 71" - "

/slider bearing. Hence, some risk ,4

exists above 80,000 rpm, even if _

the speed is below the limiting

value. Even when the oil flow is

quite large, the limiting dn _ I_

value appears around 280 x 104; ._ .

the peripheral speed at this time

is about 140 m/s. Currently, a _ .| _

peripheral speed of up to 157 m/s Oil flow Q (kg/min)

with the slider bearing has been Figure 82. Limiting dn value
reported [i0]. As a kind of vis- and oil flow

cous pump, ti_e slider beariT.c

feeds the oil flow at least pruportlonal to speed into the bearing.

No such automatic pump action exists for the roller bearing. It also

begins to reject a forced-feeding of oil from outside by churning the

air and causing wind pressure at high speeds. In addition, the rota-

tion must occur with attachments. This experiment thus exhibited

again the significant disadvantage of the roller bearing compared to

the slider bearing at high speed.

_ The wea_ and the failure of the bearing occur on the sliding

friction portion of the cage, rather than the track surface or the

surface of the roller body. Figure 83 is an exterior view of the

cage and the inner and outer races of the bearing which failed at

the speed of 90,000 rpm and oil flow of 0.72 kg/min. Although the

race riding surface at the nozzle side and the pocket hole of the

cage are slso slightly worn, the race riding surface at the opposite

side of the nozzle is particularly worn and the race riding surface

of the outer race facing it also has a burn. Wiping the cage mate-

rial indicates a quite high temperature. This indicates that, be-

cause of oil having difficulty entering inside the bearing, the

sliding friction portion of the cage enters into the boundary lubri-

cation conditions, and rapid wear and the failure of the friction
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portion occur, Thls is restraining Nozzle

the limiting speeds today, The

limiting speed can be further

raised by further improvements in

the precision of the bearing and

the cage, the development of a

lubrication method and cage struc-

ture whereby sufficient oll can

entec the bearing even at high

! speeds, and the development of
Figure 83. Exterior view of

material which can withstand the failed bearing
boundary lubrication. This point

will be discussed later on.

Finally, we would like to add a couple of factors we experienced

in regard to the speed limit. The limiting speed of the roller bear-

_ng is affected not only by the lubrication method and the bearing,

but also by the condition of the bearing environs, For example, a

slight decrease in the precision of the bearing leads to v_brations

at high speeds, and the limiting speed may be suppressed b t vibra-

tions. Also, when the bearing mounting precision was bad, there was

conspicuous wear of the cage at a speed much lower than the limiting

speed, shown in Figure 81. Therefore, the limiting speed of the high

speed roller bearing must be determined not Just by the bearing, but

rather by the overall bearing system.

4.13. Conclusions for Chapter 4

The following conclusions are obtained from experiemtns with Jet

lubrication under various conditions to investigate the performance

characteristics up to the high dn value of 240 x 104 and the limiting

dn value for the case of the deep-groove ball bearing #6206 equipped

with an outer-race-riding cage:

(i) The temperature rise from the inlet oll temperature T I to

the bear'ng outer race temperature TB in the region of a dn value of
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up to 240 x 104 can be approx.lmated from th,:, e_q_.,_-_lrv, nt a."

where Z I :t_ eli vl_cosit.V at azJ Inlet ,)11.tevrlperatur,,, I. i:_ tl_ru_t

.toad, N £_ the shaft speed, and {_ t[_ o11 flow. fI'henma11c:r exp,.mcnt

of each factor eorrespond,_ to the lar_,er value of '£[I" TI"

(2) The horsepower absorpt:lon by lubrtcatln_; o:tl H 0 can be

approximated from the experiment as

Hl_l"u'o"P '8_°''j_'°.j_'_'u

The smaller exponents of ZI, P, and _, and the lar_er exponent of Q

correspond to the larger value of TB - TI.

Compared to the experimental equation for the bearing tempera-

ture rise, the exponents of ZI, P, and N are ,_Im_lar, but the _i_.n of

the exponent of C_ is reversed. The fact that t_c+ _maller exponent of

Q in the bearing temperature rlse _nd the larger exponent of Q in the

horsepower absorption by o11 correspond to the larger value of T B -

T I indicates that, under Jet lubrtcatlon, most of the £r]ction-Eener-

ated heat i_ _rrI_d away by the oil arid the u!l acts as a coolant.

(3) The l_eat exchange eff_clency of lubricating oil nE (%) a:_

a function of ell flow Q (k_/mtn) can be approxlmated by

_E decreases with an increasing oil £1ow, because when o_I flow I::,

large, the percentage of ell flow actually eominA,, in contact wlth t)_"

bearin6 surface and performing e£fectlve heat ,._xchanp,e decr'(_a_(.:_.

In the heat exchange efficiency of ol_, the heat exchan_;,:,,,t'f_-

ciency of the transmitted oil increases with Increasln_ :_p_,e,l,r,_m,_-

ing over i00_ in every case at high dn values. On the oth;_r hand,

the heat exchange efficiency of the deflected o_] de._reases w_th
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_t;_]r',:_;:In,__,peed, decreasing to about 50% when the oil flow is larFe.

Ib:nc, , ]n ,urder to make cooling by oll effective in high speed roller

l,.irln_]_, oll flow should be increased, but at the same time, the

l.,:n,:.1.ratlonratio and, thus, nE should also be increased.

(4) The _earing friction up to the dn value of 240 x 104 con-

_l_t,,.;oi' vl_cous friction, on the whole. Contrary to what has been

_ald m_retofore, it is not simply proportional to the product ZBN

of v!scoslty at the bearing temperature ZB and speed N. The friction

torque N (kg • cm) and the friction power loss HB (PS) can be

approximated by

Jtl=?x 10-s_.s +_. 5x I0-sZas-'N'.'_.'
IIn=_. 8X10"tl'o,sN+3.5Xl¢}":F.m°.'N1._,._.s

where _ is t_rust load in kg, ZB is oil viscosity at the bearing

outer race temperature in cP, N is speed in rpm, and Q is oll flow

in kg/m[n.

The above equation holds within the range of the maximum speed

of 80,000 rpm, the maximum dn value of 240 x 104 , the minimum vis-

L. co_Ity at th_ bearing temperature of 1.5 cP, the oll flow of 0.22 -

kF/mln, and the thrust load of 25 - 200 kg. It is important that

a c,_rtaln viscous friction law holds even under such severe high-
_;p,:cd low-vi_cosity conditions.

(5) Assuming all friction heat is removed by o_l, the tempera-

ture rise from the inlet oll tempeature T I to the bearing c_ter race

temperature TB can be obtained from the experimental equation for the

friction power loss as follows:

(Tj-_)_Zt'."_.#_.aH.,o_._,.,,Q-,._.,._

Ti_e small_r exponent of each factor corresponds to the larger value

_' T B - T I. The bearln_ temperature equation thus derived from the

frlctlon power loss agrces well with the experimental equation,



When TB - TI is large _ that is, in the high dn region -- an

estimating equation for the bearing temperature rise (°C) can be ex-

pressed by

(Ta-_)=S.2×lO-'_'."_."_."fJ'o.w

where ZI is in cP, P in kg, N in rpm, and Q in kg/min. The estimat-

ing equation for the bearing temperature rise thus derived from the

f:_iction power loss agrees very well with the observed data, indicat-
-4

ing an appropriateness of the friction torque equation.

(6) A viscous friction occupies a major portion of the friction

up to the dn value of 240 x l04. If the speed is increased further,

the bearing wear and failure occur and the limiting dn value exists.

This lin_iting dn value varies depending on oil flow, and appears at

210 x l04 for oil flow of 0.22 kg/min, 240 x l04 for 0.44 kg/min,

270 x l04 for 0.72 kg/min, and at 285 x l04 for 1 - 3 kg/mln.. The

wear and the failure always occur on the race riding surface of the

outer race and the race riding surface of the cage on the opposite

side of the nozzle, indicating that the cage lubrication influences

the limiting dn value of the high speed roller bearing.

CHAPTER 5. EFFECT OF CAGE GUIDE TYPE WITH

DEEP-GROOVE BALL BEARING (#6206)

_.I, Introduction

In the pr(_ous chapter, it was shown that the bearing wear and

the failure at high dn value occurred on the sliding friction portion

of the cage, and that the cage lubrication was the factor which in-

fluence_ the limiting speed of the roller bearing. Consequently,

the cage'gulde type is expected to greatly affect the limiting speed.

In the previous chapter, the results for an outer-race-rldlng

cage were given, but in this chapter, how oll flow and other factors

_7
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affect the limiting speed, the bearing temperature rise, and the

friction torque for the same bearing but equipped with an Inner-race-

riding cage is investigated, and the results ar_ compared with those

for an outer-race-riding cage. As a result, it became clear that the

cage guide type had a decisive effect on the limiting speed at high

dn value. How the lubrication of the high speed roller bearing

should be performed was also elucidated.

_.2. Experimental Conditions

Although already mentioned in Chapters 2 and 3, the conditions

used in this experiment are summarized. A single nozzle is placed on

the thrust loaded side of the inner race. The distance between the

leading edge of the nozzle and the face of the inner race is set at

8 mm, and the Jet velocity if fixed at roughly 20 m/s, irrespective

of oil flow. In the previous chapter, the nozzle was always directed

perpendicularly to the center of the clearance space between the cage

and the inner race. Unless otherwise specified, this method is used

again in this experiment. An experiment is also performe_ by plac-

ing the nozzle perpendicularly to the center of the clearance between

the cage and the outer race.

Unless explicitly specified, both the thrust load and the inlet

oil temperature are kept constant at 50 kg and 30° C, respectively.

5.3. Test Bearing

The same test bearing used in the previous chapter -- #6206 /49

SP-class ball bearing -- is again used. The only difference is that

it is now equipped with an inner-race-rlding cage. The cage con-

figuration is shown in Figure 84. Just llke for an outer-race-ridlng

cage, a groove is set up on the inside perimeter of the cage to make

it easier for oil to enter the bearing. The guide clearance of the

is 0.25 (+_i_7__ ram, and the bearing dimensions, precision,cage

radial clearance, and bearing fits are the same as in the previous

chapter.
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!_{ 5" 4. Experimental Results _-|3A-_ .

' bearing outer race tempera- I_
ture, outlet oll temperature ivet hold

at the nozzle side as well : I ' -sw----_as the bearing transmitted - i I....... '

slde, friction torque, and

penetration ratio as a func- Figure 84. Cage confirmation:

tlon of shaft speed for each 1 --pocket hole for each of 9
oll flow under the constant equivalent slots on the cir-

thrust load of 50 kg and cumference

the inlet oll temperature

of 30 ° C are shown in Table 6.

The experimental results above, together with the results when

the thrust load and the inlet oil temperature are changed, are dis-

cussed, and the effect of the cage guide type on the performance of

the high speed roller bearing is investigated next.

TABLE 6. BEARING TEMPERATURE, OUTLET OIL TEMPERATURE, FRIC-
TION TORQUE, PENETRATION RATIO AND SHAFT SPEED

(30° C inlet oil temperature and 50 kg thrust load)

0il flow Q = 3 kg/min (room temperature 17 °C)

Shaft Bearing Outlet oil Outlet oll Friction Penetration
outer race temp. temp. torque, ratio,

(transm, kg. cm %
speed, temp., I (nozzleo C side), oCrpm oC I side),

- io,o 325 t 31,5 32.5 1.02 32.?
15,000 ! 34.5 32.5 34.8 L18 2'/.0
_),000 3T 32.S 37 1.32 22.4
25,000 40 34.8 40 1.41 21.=
30,000 43 36 43 l.r:O 18.5

35,000 40.S I 38 47.5 _ 1._ 15.2
40,000 iO,S I 40 S2 _ 1.63 14.1t

/S,_O M,S ! 4,1 86 I.(_ l&?

80,O00-._,Om Failure -

(Table continued on following page)
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TABLE 6 (continued)

Q - 1.8 kg/mln (room temperature 18° _)

Shaft Bearing Outlet oil Outlet oil Friction iPenetration
speed, outer race temp. temp. torque, _ ratio,
rpm temp., (nozzle i(transm. kg. cm %

°C islde), °CoC side),

lO,4X), ,_.'t.5 3::,5 ! 33.6, O.94' ,38.fl
15,000 m;.5 3:_.6 : 06.5 1.09 32.8
_O,OOO . _.5 :_; t _9.S 1.2) _.9 _

_,00@ 43 2,' i 43 1.31 25.3
3o,mo 4(;.5 ,_:;.S f 46.6 1.37 _0.7J

35,000 50 4t.5 i 51 i.43 , n.e
4o,ooo 54.6 44 ; 56 x.49 ' x6.5

1

45,000 5@ 46.§ 61 1.W 16.8

_,o(_,.ss, ooo Fai lure

Q = 1 kg/min (room temperature 20° C)

Shaft Bearing Outlet oil Outlet oll Friction Penetration
speed, outer race temp. temp. torque, ratio,
rpm temp., (nozzle (transm, kg.cm %

oc°C side),°C side),

10.000 34.5 "q•._ 35 o.g8 44.2
15,000 38.8 :_4,5 38.5 1.(_ 3s.7
_I),000 42.5 :_.5 43 1.13 25.3
25,000 47 ,tO.5 47 1.19 28.4
30,OfX) 51.5 ._4 61.5 1.23 JO.5
35,000 57 47.5 M 1._6 17.2
40,000 _.5 :iO 83.6 1.32 1_'.1

43,000 I _.5 :i_1.6 ._.6 1.34 18.8
...................................................................................................1

r_,or_,,r_,o0o Fal lure

Q = 0.72 kg/min (room temperature 21° C)
o..

Shaft Bearing _Outlet oll iOutlet oil Friction Penetration

speed, outer race ! temp. i temp. torque, ratlo,
rpm temp., (nozzle i(transm°C kg. cm %°C slde), °C iside),

R= ,, , ,

I0,000 36 I 34.5 36 0.84 52.8
15,000 40.5 I 37 • 40.6 0.97 47.8

20,000 45 i 41 * 48 1.07 30.8
25,000 49.5 1 44.6 _ 49.6 1.11 _).6

,.5 ! t , I., z,.2
t

(Table concluded on following page)
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TABLE 6 (concluded)

Q = 0.72 kg/mln (room temperature 21°C) (cont.)

Shaft Bearing Outlet oll Outlet oil Friction Penetration
speed, outer race temp. temp. torque, ratio,
rpm temp., (nozzle (transm. kg. cm %

oC°C side ),°C side ),
I r . --- _,000 . 60.5 61.$ _.S 1.33 _.8

40,000 I 66 6S 6? 1.94 Sl.S: L

- 4&050 _.5 U _ - 1._ S&O

W,000_0_ Failure

Q = 0.44 kg/min (room temperature 17 ° C)

Shaft Bearing Outlet oll Outlet oll Friction Penetration
speed, outer race temp. temp. torque, ratlo,
rpm temp., (r_ozzle (transm. kg" cm %

°C. side)_ °C side), oC

lO._xx_ :r7 &'5 s7 o. elO 53.el
15.(XX) 4'2 ,"19 43.5 ,).9'2 _.0
2o,(XX) 48 45 _ 48.5 t.O0 '._._
_,(xx) M 49 I 84 Lob 29.3

-- 30,0tX) dO.5 54 ] 81 1.09 33.0
35,000 6"/ 68.6 b? ' I. 13 20,4
40,000 '/3 62 _'4 I. 13 22.$

45.000 60 6'/ I 83 ' I. 14 26.8

S),OO0-.50,000 Failure

Q = 0.22 kg/min (room temperature 20 ° C)

Shaft Bearing Outlet oil Outlet oil Friction Penetration
speed, outer race temp. temp. torque, ratio,
rpm temp., (noZzle (t ransm, kg. cm %

o Co ,, side), °C side,
. . " , ,. .,. i f

10o000 _,++ 37.6 40.5 0.74 50.8
15,¢X_ 4't._ 43.S 48 0.79 43.3
_,r_o 6_ 52 66.5 0._ 18.5
SS,OOO _.5 _ e4._ O.im 33.4
SO,COO 23 e5. ?3 0.90 17.5
;_,0(_ 1,1 _ 71 t_ 0.91 18.0 "

•- 40,(xx) _. 5 7_ tP.,I O.92 37.3
M, IIUO 914 W,J I01 O.93 _I,5

ml,mo-.50,oeo Fai lure



I I

_.5 Allowable Limiting dn Value

As mentioned in the previous chapter, for #6206 equipped with

an outer-race-rldlng cage, the bearing failure occurred at 70,000 rpm

with oil flow of 0.22 kg/mln, 80,000 rpm with 0.44 kg/mln, 90,000 rpm

with 0.72 kg/min, and at 95,000 rpm with 1 - 3 kg/mln. The respec-

tive dn values were 210 x l04 240 x lO4 270 x lO4 and 285 x l04

On the other hand, when an Inner-race-rldlng cage is used, the fric-

tion force which has been

smooth up to then shows a

sudden violent fluctua-

tion at 50,000 to 55,000

rpm and rapidly increases,

regardless of oil flow.

The dn value decreases to /5___1

150 - 165 x l04 approXl-

mately half of an outer- _
_ide crace-ridlng cage. Nozzle sidel .... ,, nozzle

Figure 85: Exterior view of the failed
As is clear from the bearlng

above results, the cage -

guide type has a tremendous influence on the limiting speed of the

ball bearing. Let us now consider how such a difference in the cage

_uide type is affecting the limiting speed. Figures 86, 87, 88, 89,

90, and 91 show the temperature rise TB - T I from the inlet oll tem-

perature TI (30° C) to the bearing outer race temperature TB and the /5___4

penetration ratio as a function of shaft speed for various oli flows

obtained from the results in Table 6. For comparison purposes, the

results for an outer-race-rlding cage from the previous chapter

are also shown. The nozzle position Is at the center of the clear-

ance space between the cage and the inner race for both an outer-

race-rlding cage and an Inner-race-ridlng cage. For an Inner-race-

riding cage, the results when the nozzle Is placed at the center of

the clearance between the cage and the outer race are also shown, so

that the effect of the penetration ratio can be studied.
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M * ( i ii

Q_*3kli/'min _ 50 h....

0 _/_'1.8kli/mln
D

• 11 ' "--,... 7/I
I ' ""-_ / / _ _ I "--... "_-_/ I o_

. i
Shaft speed N (rpm) , Shaft speed N (rpm)

Figure 86. Bearing temperatUre Figure 87. Bearing temperatur_
rlse) penetration ratlo, and rlse, penetration rablo, and

shaft speed : shaft speed:

@ m out#r-race-rldlng cage @ -- outer-race-ridlng cage
(nozzle between cage and inner (nozzle between the cage and In-
race) ; A -- Inner-race-riding net race) ;A m Inner-race-rlding
cage (nozzle between cage and cage (nozzle between cage and
inner race); o m Inner-race- inner race); o m Inner-race-
riding cage (nozzle between riding cage (nozzle between cage
cage and outer race); and outer race) bearing
bearing temperature rlse; temperature rlse; - - mpenetra-
- penetration ratio tlon ratlo

In Figures 86 - 91, When the nozzle is placed at the center of

the clearance between the cage and the inner race, the penetration

ratio of an Inner-race-rldlng cage Is reduced to about half of an

outer-race-rldlng cage for each oll flow. Thls is because the dla-

metPal clearance between the cage and the inner race of an outer-

race-ridlng cage is 1.5 mm, but the guide clearance of an _nner-race-

riding cage is 0.25 mm; hence, oll has difficulty entering the bear-

ing due to the very small clearance of the latter• As mentioned in

the previous chapter, an effective method of cooling the high speed

roller bearlng with the same o11 flow rate'Is to effectively feed



i |

ii

I _ _._ I ,._

0. _ _ ._

Shaft speed N (rpm) , Shaft speed N (rpm) ,
J

Figure 88. Bearing temperature Figure 89. Bearing temperature
rise, penetration ratio, and rise, penetratlon_ratio, and

shaft speed: shaft sp_ed:

bearing temperature bearing temperature
rise; penetration rise; .... penetration

ratio ratio "

oil inside the bearing and increase the penetration ratio. On this

point, an inner-race-riding cage is disadvantageous, compared to an

outer-race-riding cage at high speed•

It may be thought that the difference in penetration ratio was

dominant in the limiting dn value. HoWever, if it were due on!y to ............

the magnitude of the penetration ratio, the penetration ratio could

be substantially i_creased by placing the nozzle at the cente_ of

the clearance space between the cage and the outer race for an inner-

race-riding cage as well, _ince the diametral clearance there is

2.8 mm. The question is whether the limiting dn value of an inner-

race-ridlng cage would increase to the level of an outer-race-riding

cage if th..s was done. The penetration ratio and the bearing outer

race temperature rise for this case are shown in Figures 86 - 91
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7

_ H

• _

0

0

_ .... _ 0

m Shaft speed N (rpm) o '_'_-

Figure 90. Bearing temperature
" rise, penetration ratio, and

shaft speed: Shaft speed N (rpm)

_. bearing temperature ....
rise; ..... penetration F_Eur_91. Bearing temperature

ratio rise, penetration ratio, and
shaft speed:

bearing temperature
also. Regardless of oll flow, rise; _pen_tration

the penetration ratio substan- ratio

tially increased and the bear-

ing outer race temperature rise became a minimum compared to an

.... outer-race-riding cage when the nozzle was placedbetween the cage

and the oute_ race. However, the friction torque, when the nozzle

is placed between the cage and the inner race, is smooth up to

45,000 rpm; but when the nozzle is placed between the cage and the

outer race, it is smooth up to $5,000 rpm. When the speed is in-

creased further, a large friction torque and fluctuations occur,

followed by stabilization. This indicates that the sliding contact

area of the cage becomes used to the failure locally• Hence, when

the nozzle is placed between the cage and the outer race, the p,_ne-

tratlon ratio is large, and the bearing outer race temperature rise

?5
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is small, but failure tends to occur more often than when the nozzle /5_

is placed between the cage and the Inner race.

It is clear from the above results that no direct relationship

exists between the magnitude of the penetration ratio or the bearing

temperature rise and the limiting speed. That is, when the nozzle

is directed to the center between the cage and the outer race for

an Inner-race-riding _age, the penetrate,on ratio is maximum, but the

most failures tend to occur. Hence, this is inferior in performance

compared to the case in which the nozzle is directed between the

cage and the inner race for an inner-race-riding cage, and the pene-

tration is minimum. As mentioned in the previous chapter, the large

.p#netratlon ratio means a large oil flow passing through the bearing

and an effective heat exchange; therefore, it is extremely beneficial

for the cooling of the bearing. As shown in Figures 86 - 91, in

which the bearing outer race temperature rise decreases as the pene-

tration ratio increases, the penetration ratio is a factor which

affects the average temperature of the bearing. Since the race

riding surface of the cage at the opposite side of the nozzle is the

one which fail-s at high speeds, as mentioned before, the temperature

here and the bearing outer race temperature may not necessarily be

related. The limiting speed is influenced by whether oil is effec-

tively supplied to the race riding surface of the cage susceptible

to failure, rather than Just the magnitude of the penetration ratio

or the bearing outer race temperature rise. Let us now discuss

this further from such a viewpoint. .

Figure 92 shows the model of oil flow inside the bearing of

both an outer-race_rlding cage, and an Inner-race-rlding cage. In

Fiuure 92(a), which shows the case of an outer-race-rldlng cage,

oll can easily enter inside the bearing because the clearance (dla-

metral clearance of 1.5 mm) between the cage and the inner race is

large. A portion of the oil will be transmitted through the bearing _

but a substantial portion of oll flows to the outer race side by

centrifugal force accompanying the rotation of the inner race and ,

roller body, passin& through the race riding surface of the cage
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susceptible to wear and fail-

benefits the lubrication prob- =="

lem. In addition, the fact
l I I

that the part susceptiole to (,) (_ (,)

failure is located on the oll Figure 92. Oil passage inside the
outlet side is very advan- bearing for both an outer-race-

tageous, because an abrasive riding cage and an Inner-race-rid-
ing cage

dust generated is immediately

discharged out of the bearing

rather than entering the bearing. On the other hand, in Figure 92(b),

which shows the case of an inner-race-riding cage, oil has dlffi-

C culty entering inside the bearing because of the small clearance (a

guide clearance of 0.25 mm) between the cage and the inner race.

Most of the oll which enters inside the bearing flows to the outer

race side by centrifugal force, and not the race surface of the

cage at the opposite side of the nozzle which requires the most

lubrication. Furthermore, because the race surface of the cage on

the nozzle side is located at the oil inlet side, an abrasive dust

generated When this surface is abraded at high Speed is sent, unlike

the case of an outer-race-riding cage, into the bearing, inviting

bearing failure. In fact, with an outer-race-riding cage, when the

speed is increased in the region of high dn value above 240 x 104 ,

friction temporarily increases, rapidly followed by a decrease and

stabilization. This is considered to be due to the sliding friction

portion of the cage getting used to the wear, Just as in the case

of the slider bearing. On the contrary, wihh an inner-race-ridlng

cage, there frequently was a rapid failure during this process,

probably because any generated abrasive dust gets inside the bearing

together with the oil. In Figure 92(0), which shows the case of an

Inner-race-rldlng cage with the nozzle placed between the cage and

the outer race, the penetration increases due to the large clearance

(diametral clearance of 2.8 mm), but it is inferior than the case

of Figure 93(0) in that, because of centrifugal force, oil has diffi-

culty reaching the race surface of the cage at the opposite side of

the nozzle which needs the lubrication most.

77

00000001-TSF11



me race surface of an inner-race-riding cage tends to favor

:_ boundary lubrication condition compared to an outer-race-ridlng cage,

i_ and creates rapid wear followed by the failure at a low dn value.

ii_ Thus at hi_ s_ed, an outer-race-riding cage is more advantageou_
• _

than an Inner-race-rldlng cage, but in practical applications there

are many other factors to be considered. For example, even with an

Inner-race-ridlng cage, it is possible to raise the limiting dn

value by using a cage structure such that sufficient oil can enter

inside the bearing at high speed. In this _egard, one example is

given here, although the details will not be given until the next

opportunity arises. The _ace surface of an Inner-race-rlding cage

used in this experiment has a configuration shown in Figure 93(a),

and has an oil groove to make it

easier to enter inside the

bearing; b_t because of the _'_(depth 0.5 mm)

shallow depth of the groove ___[

(0.5 Im), it is not very ef-

fective. In Figux.e 93(b),

the width of the rivet part

is made small so that oil (,)
can easily enter the race

surface ¢f the cage, while

in Figurc 93(c), an o11

groove is also used. Com-

paring these three, the

limiting dn values with oll

flow of 3 kg/mln are 150 - (b)

165 x 104 in (a), 180 x 104 _ (depth 1 mm)
\

in (b), and 240 x 104 in (c),

indicating that the limiting

dn value can be s_stantially

raised by taking the cage

configuration into consldera- (')

tion. Figure 93. Configuration of the
race riding surface of an inner-

race-riding cage
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In summary, it is possible to raise the llmltin_, sDeed of an /56

inner-race-rldlnf_ cage by considorlnc the ea_e conflf_urat;c,nwhI,"i,

let in ell easily, but compared to an outer-raee-ridinlz e._J_,c,!t:.;

performance is Inferior in that it tends to lead to f'_ilur- i.n

general.

_.6. Bearing Temperature,Rise

Figure 94 shows the temperature rise TB - T ! from the inl.,_to1]

temperature TI (30° C) to the bearing outer race temperature TB, as

a function of speed obtained from the results in Table 6. This bear-

ing ou'_or race temperature rise

TB - T I as a function of speed _! .. _. ..... ,..
Z o 'Oil flow Q (kg/min)_
:' and oil flow q can be expressed o

from Figures 95 and 96, respec-

tlvely, by _ a/>.

(rj_rt),_.,_.,.. (39 ) _ _ /

The smaller exponents of N and Q _'u / |

corresDond to the larger values _

of TB - Ti. _ U _fl/_/_ _ I

o
• |1

Equation (39) is for the ca_e o
In whtcn the nozzle is placed at _ i " i _ _ xs0'

Shaft _,ee,-I ._ (rpm)the center between the cage and ¢,m
inner race. When the nozzle is Figure 9_. Bearlng tern-

placed at the center between the perature ri._e and _;haftspeed
case and the outer race, the fol-

lowing., relatJ,,r_can be obtained:

The smaller exponents of N and Q correspond to the' lar_,e,rvalue of

TB -T1, as in Equation (39). Comparl_ng E,.l_at_on (f_) and (hO), _hp

ex_onent L_fN when the nozzle is placed between tht,cg_.' and the
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outer race is smaller than that when the nozzle is placed between

the cage and the inner race, but the exponent of Q is larger. This

is because the penetration ratio of the former is greater than the

latter, and the cooling effect is greater• However, even though the

cooling effect is large, it is still worse compared to the failure,

as mentioned previously. Consequently, the failure limit cannot be

discussed considering the magnitude of exponents N and Q alone.

The result in Equation (39) is for the case of the constant

ti_rust load of 50 kg in Table 6. A sample of the temperature rise

TB - T I from the inlet oil temperature T I (30 ° C) to the bearing

outer race temperture TB as a function of thrust load P is shown in

Fi&ure 97. Their relationship can be approximated by

(41)

As the speed and T B - T I increase, the exponent of P decreases.

80

O0000001-TSF14



Figure 97. Bearing temperature
rise and load The above results are all

for the case of nstant inlet

oll temperature _ 30 ° C. A

sample of the bearing outer race temperature rise from the inlet oll

temperature, as a function of viscosity at inlet oll temperature ZI

when the inlet oil temperature is varied from 20 ° C to 120 ° C, is

shown in Figure 98. There is a deviation at an inlet oil temperature

of above 90°C. This is thought to be due to the error caused by the /59

low speed and the small temperature rise, as mentioned in the previous

chapter. Within the range of an inlet oil temperature of 20 - 75 ° C,

the relation between the bearing outer race temperature rise TB - TI

an_ ZI can be approximsted by

(Y_-Y_)_I t°`''' (42)

A smaller exponent corresponds to the larger value of TB - T I.
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Summing up, the bearing outer race temperature rise can be

approximated by

(___)_o.,_.s_.n_.,_._l._.,.n..o._ (43)

The smaller exponent of each factor corresponds to the larger value

of TB - TI.

!

The experimental equation (5) for the bearing outer race tem-

perature rise for an outer-race-_Iding cage in the previous cha_ter

is applicable in the high speed region. As the maximum speed with

an ioner-race-ridlng cage is 45,000 rpm, the temperature rise of an

outer-race-rldlng cage within roughly the same range can be eX-

pressed from the data in the previous chapter by:

. ......... ... .............. . .......................

(44)

Comparing Equations (43) and (44), the exponents of ZI and P

are nearly equal, but the exponent of N is larger and the exponent of

Q is smaller for an Inner-race-ridlng cage than for an outer-race-

riding cage. This is because the penetration ratio of an Inner-race-

riding cage is small and cooling by oll is ineffective, compared to

an outer-race-rlding cage. For example, even with an Inner-race-

riding cage, if the nozzle is placed between the cage and the outer

race to increase the penetration ratio as indicated in Equation (40),

then the exponent of N becomes smaller and the exponent of Q becomes

larger for an Inner-race-rlding cage compared to an outer-race-rldlng

cage. The details on these experiments will be discussed later.

_.7. Amount of Heat Absorption by Lubricating Oil

Table 7 shows the horsepower a0sorptions by the deflected oil

and the transmibted oil, as well as the total horsepower absorption

by oil obtained from Table 6. Figure 99 shows the total horsepower

absorption by oil H0 as a function of speed from the results in

Table 7. From Figures i00 and i01, the total horsepower absorption
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TABLE 7. HORSEPOWER ABSORPTION BY OIL AND SHAFT SPEED
(30 ° C inlet oil temperature and 50 kg thrust load)

Oil flow Q = 3 kg/mln

Shaft Horsepower absorption iHorsepower absorption Total horsepower
speed, by oil (nozzle side), l by oil (transm. absorption by
rpm PSt side), PS oil, PS

15,000 0.27 0.18 0.45

2o,o 0.28 I 0.20 o. i

_;oco I 0.51 _ 0.30 0.81
30,c00 0.70 1 0.35 1.c6
_,,ooo * 0.97 _, 0.28 1.3S

40,000 1.17 . 0.44 1.61
45,000 1.49 I 0.49 "1.9S

Q = 1.8 kg/min

Shaft Horsepower absorptien Horsepower absorption Total horsepower
speed by oil (nozZle side), by oll (transm. absorption by
rpm PS side), PS oil, PS

,. f

16,000 0.20 •0.15 0.38
20,000 _ 0.33 0.22 0.54
20,000 0.46 0.28 0.74

30,000 0.67 0.30 0.97
85,000 0._ 0.83 1.1S
40,000 1.0_ 0.37 1.tO

•4S,O00 _ 1.20 0.44 1.04

Q = 1 kg/mln

Shaft Horsepower absorption Horsepower absorption Total horsepower
speed, by oil (nozzle side) by oil (transm. absorption by
rpm PS side), PS oil, PS

15,0_0 O.13 0.17 O.30

20,Ot}O 0.27 0.17 " I}.44

25,_0 0._ 0.21 0._
SO,O_O O.M 0.31 0.75
_,000 0.70 0._ ' 0.9_
40,000 0.51 0._._ 1.09

00

(Table concluded on following page)
i

83

00000001-TSG03



TABLE 7 (concluded)

Q = 0.72 kg/min

Shaft Horsepower absorption Horsepower absorption Total horsepower
speed, by oll (nozzle side), by oil (t_ansm. absorption by
rpm PS side), PS _ oil, PS

t

sS,000 O.s_ O.S7 ! o.m
20,OQO 0.:_ O.Se t 0.4_
:S,O00 O.34 O.m - I o.94
so,o00 0.47 o.m L o.68
•%000 O.G8 O._- : O.8O
40,000 , 0.67 0.9/ ! 0.94
4S,OO0 O.7_1 O.a7 I. 10

Shaft IHorsepower absorption Horsepower absorption Total horsepower

speed,lby oil (nozzle side), by oil (transm. absorption by
rpm I PS (side), PS oil, PS

, ,,,ooo/I E,8
ZO,O00 t 0.19 , _O.QG 0._,4

_,ooo t o._ o.oo o._
3o,ooo i o._sz o.oe O.U

_,om i o._ o.,0 0.4640,_0, 0.8'/ 0.19 o._

,te,,ObO i 0.40 O.m . 0._
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'._ _ _I I_" .....

;I o11flo /.
.,-4 • ._//_ .8.

° g
_n o Oil flow Q (kg/mln)

• __ _S _ U

o _ -- _'_u_ ,-I

Shaft speed N (rpm)i _

Figure 99. Horsepower absorp- o_
tion by oil and _haft speed .....

o Shaft speed N (rpm)

Figure I00_ Horsepower
Shaft speed N (rpm) absorption by oil and

_" I _/_ [ shaft speed

_0_ i ____.. ,_ and oil flow Q can be expressed,

respectively, by

_ : , H,.,_,,,-_.-I (45)
Oil flow Q (kg/min')_ The smaller exponent of N and

Figure i01. Horsepower absorp- the larger exponent of Q corre-

tion by oil and shaft speed spond to the larger value of

TB - T I . /6_22

The above results are for the case of the constant thrust load

of 50 kg and an inlet oli temperature of 30 ° C. The total horsepower

absorption by oil H 0 as a function of thrust load P when the thrust

l_ad is varied from 25 kg to 200 kg is shown in Figure 102. Figure i
!

..' il "
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n

"'_"_" !OilflowQ (kg/mln)_ol: _,_
L..,_,..s I I-.

_._'_-_. I" I _ I"__-'_ _. I o I
. _ I___________.Z_A_ ..... | , . Shaft speed N (rpm)

o_, ........ I.. ...... = • _._=II_. ,0_0 '

_1 ' _ '

, vi o. inl t oil t mpZi (oP
o Figure 103. Horsepower absorp-

tion by oil and Viscosity at in-

_' _ a/.._ ] let oil temperature

i m

10o i,gO0

Load P (kg), 103 shows a sample of the total

horsepower absorption by oil H 0
Figure 102. Horsepower absorp-

tion by oil and load as a function of thrust load P

when the thrust load is varied

from 20 ° to 120 ° C. From Figures 102 and i03, the following approxi-

mations can be made:

X.=_"_.' . |
H,=z_,._.-! (_6)

The exponents of P and ZI become smaller as the speed and TB - T I
increase.

Summarizing above, the total horsepower absorption by oil H 0

can be approximated by

86
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The smaller exponents of'Z:, P, and N, and the larger exponent of Q

correspond to the larger value of TB - TI. It agrees well with Equa-

tion (40) for the bearing outer race temperature rise, and almost all

of the generated friction heat is carried away by oil, Just as in

the previous chaper.

Let us next discuss how the cooling effect by oll differs, de-

pending on the cage guide type. Figures 104, 105, and 106 show the

total horsepower absorption by oil H0, horsepower absorption by the

deflected oil HR, and horsepower

absorption by the transmitted oll

Hp from Tables 4 and 7 for both _ Q-s_ /_

an auter-race-rlding cage and an _ m

Inner-race-riding cage. There is _ ,'

no big difference in the horse- . ,
o /

power absorption by the deflected _

oil regardless of an inner-race- _ / ,_&
0

riding cage or an outer-race- • /

riding cage, but the horsepower _ • '

absorption by the transmitted oil _ ,,_
is smaller for an inner-race-rld- _

ing cage than for an outer race- o_ ' //.,-J_.od
this

riding, and appears as a :_

difference in the total horsepower im: _ s a 4 B e y tO'
absorption of an outer race-riding m ;Shaft speed N (rpm

cage and an inner-race-riding cage. Figure i04. HorsepoWer ab-
The higher bearing outer race tem- sorption by oil and shaft

perature rise of an Inner-race- speed:
inner-race-ridlng

riding cage relative to an outer- cage; ...... outer race
race-riding cage is caused by this riding cage; x -- total

horsepower absorption by oil;
difference in the total horsepower • ---horsepower absorption by.
absorption. This is because the deflected oil; o _ horse-

penetration ratio of an inner-race power absorption by trans-mitted oil

riding cage is small compared to

8?
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.... 1
' ca.IW_,Io

/ -

_/ __ I _" /.,_ L- .... .
Shaft speed N (rpm) Shaft speed N (rpm)

Figure 105. Horsepower absorp- FiAEure 106. Horsepower absorp-
tion by oil and shaft speed: tion by oil and shaft speed:

Inner-race-rldlng cage; Inner-race-ridlng cage;
outer-race-rldlng ..... outer-race-ridlng
cage cage

an outer-race-rldlng cage, as mentioned before, and it again indi-

cates the disadvantage of an Inner-race-rlding cage.

5.8. Heat Exchange Effiolenc2 of Lubricatin_ Oil
/64

Table 8 shows the heat exchange efficiency of the deflected oil

MR, the heat exchange efficiency of the transmitted oil _p, and the

overall heat exchange efficiency ME as a function of shaft speed for

the various quantities of oil flow, obtained from the data in Table

6, using the same method as described in the previous chapter. Fig-

ures iQT, 108, and I_9 show these results together with the results

for an outer-race-riding cage from the previous chapter, np of an

inner-race-riding cage is greater than that of an outer-race-riding

cage, exhibiting 100% or more even at the low speud, because the

amount o£ the transmitted oil is small, and, consequently, sufficient

heat exchauge is performed. However, nR is substantially reduced

compared to the ease with an outer-race-riding cage. This is because, ;,

88
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A

H H
• _-S_ta e Q-I_IJo

,. , , ,. . , _ ,;- A _ _ 'A ._ _ _ ,_:_
_, Shaft speed N (rpm) _'__ Shaft speed N (rpm) ..

O_ O

Figure 107. Heat exchange effi- Figure 108. Heat exchange effi-
ciency of oil and shaft speed: ciency of oil and shaft speed: •

inner-race-ridlng cage; inner-race-rldi_g cage;
m outer_race_rldlng ..... outer-race-ridlng

cage cage

•• with an inner-race-riding cage, _ .........

!_ oil ha_ more difficulty getting _ _-__o.,_---_
_ inside the bearing and most of _1_ _-'_:_--_

the oil flows backward without

heat exchange. Thus, looking

at the oil which passes through

the bearing, _p of an inner-
o

race-ridlng cage is greater _ _g_

than that of an outer-race- _ [

riding cage. However, because

of the small penetration ratio, _ ) _ _ _ _ " _ ......0 y xt_
Shaft speed N (_pm)the overall heat exchange el- o

fiency _E of oil increases Figure 109. Heat exchange effl- /66
ciency of oll and shaft speed:

only slightly above _R' re- inner-race-rlding cage;

suiting In a markedly smaller ..... outer-race-riding
cage

value than fo_ an outer-race-

riding cage.

9o I
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Figure Ii0 shows the re-

lationshlp between oil flow _ ...........

Q and the average Value of nE Z

in the high spe_d region.

For comparison purposes, the

results when the nozzle is
e

placed between the cage and

the outer race for an inner- •

race-riding cage, and the re-
Oil flow Q (kg/min)

suits on an outer-_ace-riding o

cage from the previous chap- Figure ll0. Heat exchange effi-

ter, are also shown. From ciency of oil and oil flow:

FigUre ll0, the relation be- @ --outer-race-riding cage (noz-Zle between cage and inner race)_

tween nE (%) and'oil flow Q o --inner-race-riding cage (noz-
zle between cage and inner race);

(kg/min) can be expressed as A --inner race-riding cage (noz-

follows: zle between cage and outer race)

inner-race-riding Cage (nozzle between the cage and inner race):

.. (48)

outer-race-rlding cage (nozzle between the cage and inner race):

inner-race-riding cage (nozzle between the Cage and outer race):

,, C'." ( 50)

In Figures 86 - 91, the greater the penetration ratio, the

larger nE becomes_ and the bearing temperature rise is correspond-

ingly reduced. However, as mentioned before, when the nozzle is

placed between the cage and the outer race for an inner-race-riding

cage, nE has the largest value, and the bearing temperature rise is

minimum, but it is most susceptible to failure. Consequently, _t is

necessary to observe _;hat the heat exchange efficiency of oil does

affect the oearing t_mperature rise, but does not necessarily affect

the failure limit of the bearing. From the standpoint of the failure

91
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i I

prevention, it is better to place the nozzle in the center' between

the cage and the inner race for both an inner-race-ridinF cage and

an outer-race-riding cage. The, compared to an outer-race-ridinR

cage, an inner-race-ridlng cage has the lower limiting dn value and

smaller heat exchange efficiency of oil as seen from Equation (48)

and (49), and is quite disaCvantageous in the coolin_ of tilebearing /_6_

also. Summing up the above points, an outer-race-riding cage is

considerably more advantageous than an inner-race-ridlng cage for

high-speed operations.

5.9. Bear.4.ng Friction

Figure Iii shows the relationship between the friction torque

and the shaft speed for each oil flow rate, from the experimental

data in Table 6. Figure ll2 shows the relationship between the fric-

tion power loss obtained from the friction torque and the shaft speed

again for each oil flow. Figures 113 and 114 show the comparison of

these friction torque and friction power losses with the corresponding

results for an outer-race-riding cage in tie previous shapter. Com-

pared to an outer-race-riding cage, the friction torque of an inner-

race riding cage is small, and the difference becomes conspicuous at

flow g/mi

........ i Z,
0

i

O,

i i i , i w ..,....,.
m Shaft speed N (rpm) , i i i--,IW

Shaft speed N (rpm)

Figure iii. Friction torque and Figure 112, Friction power
shaft speed loss and shaft speed

92 !
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• i i .__ |i i n

°-" r_ll fl,,'.'O(_lalm) Q=|
051 flow Q J""_! t

;,, (kf,,/min )i'-- "_ /

_tP

i

/
0 o' °J S

.' .o I,(,/0n oI-)

o Iit# #0

, i t k _ i _'"i-, 0 _ n
3hart speed )_ (rpm.%

i .....i i i i i _ i',.w
F:Lgure 113. Friction *,orque Shaft speed N (rpm

and _haft speed

Inner-race-rlding cage; Figure 114. Friction power
..... outer-race-rldlng loss loss and shaft speed:

cage
Inner-race-rldln_ cage ;

..... outer-race-rld_n_x

high speed. Such a difference in cage /6___8

the friction characteristics is

due to the difference in the cage guide type. We will discuss this

point later on.

A sample of the results examining the relationships among the

friction torque, the viscosity at the bearing outer race temperature

ZB, the shaft speed N, and oil flow Q by varying an inlet oll tem-

perature from 20 ° C to 120 ° C, as for an outer-race-ridlng cage _n

the previous chapter, is _hown in Figures i15, 116, _nd Ii'/. From

these, the f_,Ict_on torque in the high speed r_glon can be approxl-

mated by

F1Eure 118 1;_ a result of obtaining the viscosity at ti_e bearing

temperature "_B for each point in l.'l,;ureiii, and arrangln_, with

ZB 0.gNO._8_i0.15 in Equatl_n (51). In addltlon, the nlm_lar result_
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10I ,. , i_ .... I@

, _ / _.__2_,_ ?" ViscosityzB (0_)

. 4

_,, f.<,/z .

Q ........... - ......... 0 .,-,I

Vise, at bear.temp. Z B (cP) o

Figure 115. Frlctlon torque and
vlscos_ty at the bearing tem-

perature

g

Ic ......... Shaft speed N (_pm)

E N _._rrm

° ]k, Figure 116. Friction

: torque and oil flow

:_ Viscosity ZB (eP)

I ......_._-.1@ ' for the thrust load of 25, 100,

t[._-__'" " "- 150, and 200 kg are also shown.

,, |__ From this, it is clear that the

c _'--- f_-!ction torque can be approxi-0

*_ ' mate.ly expressed by Equation

(51). From Figure 118, the

_' i average velocity term M v (kg •

e ........ I{ _' " _-_ cm) of the friction torque can

011 flow _ (kg/mln) be expressed as

Fi_ure 117. Frlctlon torque and

o Ll flow M,:IO-ZRo.=h_._.- (52)
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wz_ere ZB is in cP, N is in

r_m, and Q in kg/min. SoILThe non-veloc ity term v_ . ../_.-"__,_"__...,.:_._,_..,,.r,.L._,.,,.._.,_.Mp (kg " cm) of the friction _ cad P (kg).

torque can be expressed from _ _/_* [Q_
_, ; .__ ,,,,,_g.,,,_._o,-.Oi flowFigure 1].9as: o

4_ A Gn

where P is in kg. ,_° _I + a44 I

Consequent ly, the zS_(cP._._ni.)

friction torque becomes:
Figure 118. Friction torque, Vis-

M=_$×10-:y,.,+Z_Za_m (54) cosity, shaft speed, and oll flowunder various loads

The friction power loss HB (PS) of the bearing can be computed /7__O0

to be the following from Equation (54):

;i_ z,_,,_._._x.lo-,_.,N+s._xs_,z,o.,m,_., (55)

where P is in kg, ZB in cP, N in rpm, and Q in kg/mln, Just as in

Equation (54) for the friction torque.

The friction torque of an outer-race-riding cage in the previous

chapter was expressed as

Comparing Equations (54) and (56), the exponents of P and ZB

are greater for an Inner-race-rlding cage than for an outer-race-

riding c_ge. This is considered to be caused by the fact that the

maximun speed of an inner-race-rlding cage is 45,000 rpm, whereas

that for an outer-race-rldlng cage is 80,000 rpm, and that, as men-

tioned in the previous chapter, normally the lower the speed and the

smaller the TB - TI, the greater becomes the exponent. An exponent



| !

of N for an _nner-race-rldlng _o s ....... I .......i

outer-race-rldlng cage it is _ I

1.2. Because we are measur- i_ __ _

ing the friction torque of

the outer race in this ex- _

periment, the larger exponent _ o

of an outer-race-riding cage _o _I _'' ........o '_
Load P (kg)is thou_t to be due to the o

z
sliding friction of the race

riding surface of the cage Figure ll9. Non-veloclty term of

and the outer race. The ex- torque and load

ponent Q is also smaller for

an Inner-race-ridlng cage than for an outer-race-rlding cage. _Is

can be explained by the fact that the penetration ratio of an inner-

race-rldlng cage at high speed is extremely small compared to an

outer-race-rldlng cage. That is, as the effects of Q in Equations

(54) and (56) are caused by the churning resistance of oll inside the

bearing, it seems natural that an Inner-race-rldlng cage, for which

it is more difficult for oll to enter inside the bearing, has a

smaller exponent of Q than an outer-race-rldlng cage. Figure 120

shows the relation between the friction torque and the viscosity at

the bearing temperature ZB for both an outer-race-rldlng cage and an

Inner-race-rldlng cage, computed from Equation (54) for the thrust

load of 50 kg, speed of 40,000 rpm, and oil flow of 3 kg/mln. It is

clear from Figure 120 that the friction torque of an outer-race-rid-

ing cage is approximately 50% greater than that of an inner-race-

riding cage under identical friction conditions. As the friction

torque of the outer race is measured in this experiment, the differ-

ence between the friction torques of an outer-race-riding cage and

an Inner-race-rldlng cage is considered to be equivalent to the

sliding friction of the race riding surface of the cage and the outer

race. The sliding friction of the cage constitutes a substantial

part of the friction torque. At high speed, this difference becomes

even greater.
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5.10. Equation for Estimatin6 Bearing Temperature

Rise

Using the same method as in the previous chapter, the bearing /71

temperature rise is obtained from the friction power loss in Equation

(55) as follows, assuming all of ............. -

f_iction heat is carried away by

oil : •

(T_-_) =9._×104_.,N_.._

+4.2xm-,z_.,N,._-,.#(57)

Equation (28) or (29) is to be

used as the relation between ZB/Z I _o

and TB - TI depending on the mag- _ j

nitude of TB - TI, because the maxi- o

mum value of the bearing outer race _ @=3_#mm

temperature rise for an inner-race-

riding cage is low compared to an

outer-race-rlding cage. From these, Viscosity at bearing temp ZB (cP)
the following equations for the Figure 120. Friction

bearing temperature rise are derived: torque and cage guide type:
outer-race-riding

cage; inner-

(l) when TB - T I is small race-riding cage

(7 - 20° c)

Tin-_=_ 4x1o4_.,_.,l_-o.u(Ta__),.m

+_.5x,_,&,.-m.,,,_.- (58)

(2) when T B -T I is large (15 - 40 ° C),

T,-Tt=*.4xlo-'_.._.,_-o.o(,£t_Tl)°"
+S.4×*0-'Z,'."_.'_'." (59 )

Omitting the first term, which is based on the non-velocity

term of the friction torque, in Equations (58) and (59), we get
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The s.laller value of exponent of each factor corresponds to the

larger value of TB - TI. The exponent of each factor is approxi-

mately equivalent to those in the experimental equation (43) for the

bearing outer race temperature rise.

As in the previous chapter, an approximate equation for the

bearing outer race temperature wise, including the non-veloclty term

cf the frlctlon torque, can be formed as follows. Since, from Equa-

tion (55), the friction horsepower loss is proportional to ZB0"5

NI'8Q 0"15, the friction horsepower loss in Figure ll2 may be formu-

lated with ZB0"5NI'8Q0"15, resulting in Figure 121, and establishing

Equation (55). A similar arrangement for other loads Is performed,

and the result summarized in FigUre 122. The relation between the

f_ictlon horsepoWer loss and load fer ZB0"5NI'8Q 0"15 equal to I x l08,

2 x 108, 3 x 108 , 4 x 108 , 5 x 108 in Figure 122, is obtained and

u

i°l• i '_" 3 ' I. _ 6 ',xw _oo
_t*._'(;_"(el'.me,kll/mi.) _,_Qll._ep, Ilm,ktl/mln)

Figure 121. Friction horsepower F_gure 122. YL_Ic_ion horsepower
loss, viscosity, shaft speed, loss, vlscosity_ shaft speed,

and oil flow and oil flow
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shown in Figure 123. From v_

this, the following ap- m

proxlmation holds:

Therefore, the frlc- _ _II

tion horsepower loss HB
O

(PS) can be approximated Load P,(_)
by the following equation

instead of Equation (55) Figure 123. Friction horsepower
loss and load for various values

0.5NI.SQ0.2tl,=s._×:_z,@-._.#_.KP."(62) of ZB

As before, P is in kg, ZB
L

= in cP, N in rpm, and Q in kg/mln. Using Equation (62) to obtain the

bearing temperature rise as before,

(i) w_en TB - T I is small (7 - 20 ° C),

(2) when T B - T I is large (15 ° - 40 ° C)

The exponents of ZI, N and Q in Equations (63) and (64) are

naturally the same as in Equation (60), but an exponent of P varies /7___[2

from 0.25 to 0.28 depending on the magnitude of TB-T I, and roughly

corresponds to the change in an exponent of P in Equation (4B).

Figure 124 is a result of correlating ZI0"SSp0"25Ni"S9Q -0"48

in Equation (64) for the case of large TB - T I with the bearing outer

race temperature rise in Figure (94). Equation (64) holds within

the range of I0,000 - 45_000 rpm speed and 0.22 - 3 kg/min oil flow.
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In this case_ an entire

range can be approximated lu .........

by Equation (64). Figure _ _._
@o

125 is a result of corre- _ _

lating ZI0 38p0"25NI 39 i_

Q-0.48 in Equation (64) i:_!m"I :'[,

and the bearing tempera- i_ I _ ! i:

ture rlse under the vari- __ __ | .... , .... L."ous conditions: i.e , the _ _"• , z 3 _If

bearing outer race tem-

perature rise TB - TI with Figure 124. Bearing temperature
rise, viscosity, load, shaft speed,

a speed of 10,000 - 45,000 and Oil flow

rpm, oil flow of 0.22 - 3

kg/min, thrust load of

25 200 kg, and inlet oil _ l .... ,

temperature of 25 - 75° C. • El
O • . • _ /.

As is clear from Figure __ • • ' k""_/
• " • • • ,

125, the observed values _ _ . • ..,_- -.

of the bearing outer race _ m _ _/

/
rise under the o • @_temperature

various conditions roughly __ _ "_-- ,' ' , ° ..correspond to Equation _
• 1 2 S - _10'

(64), calculated from the m _ff_'_eP._rl_kl_uin)

friction horsepower loss•
Figure 125. Bearing temperature
rise, viscosity, load, shaft speed,

Thus it was possible and oil flow /73

to formularize the rela-

tionship between the friction torque and the bearing temperature

rise and each factor for an inner-race-riding Cage. Despite the

fa_t that the friction torque of an inner-race-riding cage is dras-

tically smaller than that of an outer-race-riding cage, the bearing

outer race temperature rise is higher for an inner-race-riding cage•

As indicated in Equations (43) and (44), the large exponent of N

and the small exponent of Q for an inner-race-riding cage are due to

the small penetration ratio and the small heat exchange efficiency

"E of oil.
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_.Ii. Conclusions to Chapter 5

The limiting speed of an inner-race-riding cage type deep-groove

ball bearing #6206, as well as the effects of shaft speed, oil flow,

and other factors on the bearing temperature rise and the friction

torque were studied and compared with the findings for an outer-

race-riding cage given in the previous chapter.

(I) As mentioned in the previous chapter, the limiting dn value

for an outer-race-riding cage is 210 x 10 4 at 0.22 kg/min oil flow,

240 x 104 at 0.44 kg/min, 270 x 104 at 0.72 kg/min, and 285 x 104 at

1 - 3 kg/min. The limiting dn value for an inner-race-riding cage,

on the other hand, is 150 - 165 x 104 , regardless of oil flow, and

is substantially lower than for an outer-race-riding cage. In both

cases, failure occurs on the race riding surface of the cage at the

side opposite the nozzle. The difference in the limiting dn value

is due to the difficulty Of oll reaching inside of the bearing,

especially the race riding surface of the cage on the side opposite

the nozzle, for an inner-race-riding cage. Consequently, for high

speed operations, an outer-race-rlding-cage is more appropriate than

an inner-race-riding cage.

(2) _le heat _ ,hange efficiency of lubricating Oil nE (%) can

be expressed as a function of oil flow Q (kg/min) as follows, when

the nozzle is directed at the center of the clearance between the

cage and the inner race:

(outer-race-riding cage) _=_._ /74

(inner-race-riding cage) _=mQ_-

Compared to an outer-race-riding cage, the heat exchange efficiency

of oil for an Inner-race-riding cage is low, especially when the oil

flow rate is large. Corresponding to this, the beari1_g outer race

temperature rise of an inner-race-riding cage is larger than for an

outer- -race riding cage. This is because it is harder for oil to
_J

" " i!ii: 1oi
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enter inside the bearing for an Inner-r_ce-rldlng cage than for an

outer-race-rlding cage; that is, the penetration ratio is small.

For hlgh speed operation, therefore, an inner-race-riding cage is

quite disadvantageous.

However, even with an inner-race-riding Cage, if the nozzle is

placed between the cage and the outer race, the penetration ratio

increases substantially. The heat exchange efficiency of oil in

this case becomes

which iS greater than for an outer-race-riding cage, and the bearing

temperature rise also reaches a minimum. But the limiting dn value

is the lowest. Consequently, the magnitude of the penetration ratio

and the heat exchange efficiency of oil affect the bearing tempera-

ture rise, but are not related to the bearing failure. At high

speed, it becomes important to have a large penetration ratio and,

at the same time, effectively supply oil to the race riding surface

of the cage at the opposite side of the nozzle, which is most vulner-

able to failure. From this viewpoint also, an outer-race-riding cage

is more suitable for high speed Operation.

(B) The bearing temperature rise of the bearing outer race tem-

peraturc TB, f'.,omthe oil inlet temperature TI in the region up tO

IS5 x I0l_dn value, can be approximated by

where ZI is the oil viscosity at inlet oil temperature, P is thrust

load, N is the speed, and Q is the oil flow rate. The smaller value

of each exponent corresponds to the larger value of TB - TI.

(4) The horsepower absorption by lubricating oil H0 can be

approximated by

_= Z_.-w.a_.,_.,N,._l._;l,.-4.-

,q
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The smaller values of exponents o£ Zi, P, and N, and the larger value

of exponent of Q, correspond to the laPger Value of TB - TI. There

exists a good correspondence with the equation for the bearing outer

race temperatuz'e rise, indicating the fact that the oil acts like a

coolant, as mentioned in the previous chapter.

(5) The limiting dn value for an inner-race-riding cage is

150 - 165 x l04, regardless of oil flow. Just as for an outer-race-

riding cage, the bearing friction up to the dn value of 135 x 104 is

:: mainly a viscous friction. The fricticn torque M (kS • cm) and the

friction horsepower loss HB (PS) can be approximately expressed as

follows :

M=_.3xlO'-,J".,+I04Z_.-
H,,-&zxlo,r.,N+l.4xlo-tz_A_._.,

where ZB is oil viscosity at the bea"Ing temperature and is in cP,

P is in kg, N in rpm, and Q in kg/min.

Compared to an outer-race-riding cage, the exponent of N for an

inne_-race-rldlng Oage is small. This is because, for an inner-race-

riding cage, the sliding friction of the race riding surface of the

cage does not involve the friction torque of the outer race. The

friction torque of an Inner-race-rldlng cage is sm_l compared to an

outer-race-rlding cage, but because of the small penetration ratio,

the bearing outer race temperature rise is greater than for an outer-

race_ridlng cage.

(6) If all the friction heat is assumed to be carried away by

oil, the bearing outer race temperature rise (°C) in the high speed

region becomes the followin-, from the experimental equation for

the friction horsepower loss:

lO3
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where ZI is in cP, P in kg, N in rpm, and Q in kg/mln. The equation

for estimating the bearing temperature rise derived from the frlc_ion

horsepower loss a6rees Very well with the observed data.

CHAPTER 6. ANGULAR CONTACT BALL BEARING (#17206)

6.1.. Introduction

In Chapters 4 ana 5, the limiting dn value as well as the vari-

ous characteristics of the deep-groove ball bearings (#6206) were

discussed. In this chapter, the limiting dn value and the high speed

performance of the angular contact ball bearing (#17206) will be

discussed. This type of bearing is being widely used in high speed

spindles of machine tools and an elucidation of its limiting dn value

and the bearing performance is quite desirable from the practical

viewpoint.

In Chapter 5, it was indicated that the type of cage guide type

had a decisive effect on the limiting dn value of the deep-groove

ball bearing (#6206). That is, when an outer-race-riding cage was

used, the limiting dn values were 210 x l04 at an oil flow rate of

0.22 kg/min, 240 x l04 at 0.44 kg/mln, 270 x l04 at 0.72 kg/min, and

i_ 284 x 104 at i - 3 kg/min, whereas when an inner-race-riding cage was

used, it was substantially reduced to 150 - 165 x l04, regardless of

oil flow. This is because, for an inner-raCe-riding cage, it is more

difficult for oil to get inside the bearing compared to an outer-

race-riding cage. Further, even oll which reaches the inside of the

bearing has difficulty getting to the race riding surface of the

cage at the opposite side of the nozzle, which is most vulnerable

to failure. In addition, for an inner-race-riding cage, when the

race riding surface of the cage at the nozzle side is abraded, the

abrasive dust, together with the oil is drawn into the bearing,

causing early failure. As a result, compared to an outer-race-

riding cage, an inner-race-riding cage is quite disadvantageous at

lO_
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high speeds, and speclal measures become necessary in order to ralso

.i the _miting dn value of an Inner-race-riding cage. In Chapter 5,

it was stated that the limiting dn value could be raised by using a

particular cage configuration, such that oil can easily enter the

_, bearing at high speed even for an inner-raCe-riding cage. It is

!J naturally expected that the limiting dn value would also be ch_ed

I by the material used for the cage. Bearing #17206 is equipped with

an inner-raee-rld_ng cage, and its cake material is phenolic resin,

as opposed to high-strength yellow brass for #6206. Thus, the in- /75

fluence of the cage material on the limiting dn value can also

be studied.

6,t2. Experimental Conditions

Although already mentioned in Chapters 2 and 3, the conditions

used in this experiment are summarized here. The nozzle is directed

to the center of the clearance between the cage and the inner race.

A distance between the leading edge of the nozzle and the face of the

inner race is 8 mm. The Jet velocity is constant at roughly 20 m/s

irrespective of oil flow. Unless specifSed explicitly, the number

of nozzles is one, and the nozzle is placed at the unloaded side of

the inner race. Besides this, an experiment was conducted by plac-

ing the nozzle on the thrust loaded side of the inner race, and also

using two nozzles facing each other; these will be mentioned as

they arise later.

Also, unless specified explicitlyj the thrust load is constant

at 50 kg, and oil inlet temperature is also constant at 30 ° C.

6.3. Test Bearing

The test bearing is an SP-class #17206 angular contac_ ball

bearing. The cage is made of phenolic resin, and the cage _uide

type is an inner-race-riding cage. The test bearing is commercially

available and no special measures are necessary, such as an o_I

groove to Jmprove the feeding and discharging of oil found in N6206.

The dimensions of the test bea_ing are shown in Table 9.

I05
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T_SLE 9. TEST ___EAHING #17206 (SP)

Diameter of _tet:l balls, mm 9.525 (3/8")

Numbeo of steel ba]l:_ ii

Percentage of groove radluz to steel ball

Outer race, _ 51.0 - 52.0

Inner race, _ 50.5 - 51.0

Contact angle, deg. 15

Ca_e guide type Inner-race-
riding cage

Cage material Phenolic
resin

GUide clearancej mm 0.4 + 0.I
- 0.02

Pocket clearance, mm 0.155 + 0.05

6.4. Experimental Results

_ The limiting speed, the bearing outer race temperature, the

= outlet oil temperature at the nozzle side as well as the bearing

transmitted s_de, the friction torque, the penetration ratio, and the

shaft speed for various oil flows under the constant thrust load of

50 kg, and the constant inlet oil temperature of 30 ° C are shown in

Table 10.

The above experimental results, as well as the results obtained

by changing the thrust load and inlet oil temperature are discussed

below.

6.5. Allowable Limitin_ dn Value

Figure 126 shows the relationship between the bearing outer race

temperature and shaft speed from the results of Table i0. In the

neighborhood of 65,000 rpm for oil flow of 0.22 kg/min or 0.44 kg/min,

70,000 rpm for 0.72 kg/min, and 75i000 rpm for i - 3 kg/min, the

frictional force which has been smooth up to then suddenly increases
_,
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TABLE i0. BEARING TEMPERATURE, OUTLET OIL TEMPERATURE,
FRICTION TORQUE, PENETRATION RATIO, AND SHAFT SPEED
(30 e C in3_ oil temperature and 50 kg thrust load)

Oil flow Q = 3 kg/mln (room temperature 24 ° C)

Shaft Bearing Outlet oll Outlet oil Friction I _enetratlon

i

speed, outer race temp. temp. torque L ratio,
(transm;. kg.cm % ++rpm temp., (nozzleoc°C side), side) C

3h0O0 37 31.$ 37 1.+2 41.I

3),000 41.5 32.5 41.5 • 1.64 35.0

40.000 47 34.5 46.5 , , 1.75 30.6

8O,000 52.5 36.5 52.5 1.85 27+0

8O,000 _._, W a8.5 1.95 f.4.4

70,001) G55 43.S I16 2.03 23.3
-+ D--.

75,ooo failure

Q = 1.8 kg/min (room temperature 28 ° C)

Shaft B_aring Outlet oil Outlet oil Frictio_ Per _ "+,_ion
speed, outer race temp. temp. tot +u ratio,
rpm temp., (nozzle (transm. , "+,,_.+z, % •

oC side), +°CoC side),

t - 3+ .... lOT 8o4
_0,000 39.5 33 39 " 1.33 48.4
33,000 44.5 35 43.5 1.51 4_.4

4,,IX]O 50 37.5 49.5, 1.1_ 38.4
8O,000 56.5 41 57 ' 1.69 34.2
IiO,O00 64.5 45.5 65 1.77 31.2
70,_0 TJ 60 73.5 L52 RM4

75,8o0 failure
m ........... <,ira .t ,,i i i i _ ._ - _ l II -

Q = i kg/min (room temperature 27° C)

Shaft Bearing Outlet oil Outlet oil Friction Penetration
speed, outer race temp. temp. torque ratio,
rpm temp., (nozzle (transm. kg. cm %

oC°C side),oC side),

",o,,'........ .........a6 +s.8.... ,m =is
3),0_) 42.5 35 4;1.8 1.24 53.3
30, 000 49. 5 _ 49 1.37 '_O.8 :
40,OUII 57 ". 41.3 56.5 1.41 ,m.?

50,tlOll liI+ 4t; lilt, 1._1 40,0
lil,,OIX) 7,+ 13:.8 71; I,M _I.1
7O,(XN) 87.5 8# _.8 I.64 30.11

_ +
. . , ,t •.

_,_ failure

(Table continued on followin_ page)

107

+. +++++++;,,::'++', -.:_ :--, _. ++._ ..... ._..--_-+:/.+-_+? • + +;,_+.-++.++,v++.,-+,_+ +++,_._-+

00000002-TSAr4



TABLE I0 (continued)

Q = 0.72 kg/mln (room temperature 30°C)

Shaft Bearing Outlet oll Outlet oll Friction Penetration
speed, outer race tamp. tamp. torque _ ratio,
rpm temp., (nozzle (transm. kg.cm %

°C side), °C slde), oc,

10,060 37.,5 34 37 O.97 57.9
:_0,000 44.5 36.5 44.5 1.18 58.0
30,000 53 40 54 1_28 _.Z

40,000 (;1.5 45.5 6:_ 1.36 51.7
60,f_)O 70.8 51.5 72 1.41 46.1
60,000 83 60. g4 1.44 _.5

70,60o failure

Q = 44 kg/min (room temperature 28° C)

Shaft Bearing Outlet oll Outlet oll Friction Penetration
speed, outer race temp. temp. torque, ratio,
rpm temp., (nozzle (transm. kg. cm %

oC°C side),°C side) ,

iO,O_) 39.5 36.5 39 0.92 W.7

_,o(x) 45.S 40.5 49 1.08 54.8

3%00o 69 46.5 60 1.10 54.S

40,000 69 52.5 70.5 1.23 60.3

60.O0O .60.5 60.5 83.5 1.27 52.8
60,60O 95 _ 99.5 1.S3 4.,q.S

65,ooo failure

Q - 0.22 kg/min (room temperature 25° C)
D i .

Shaft Bearing Outlet oll Out±et oi_ Friction _ Penetration
speed, outer race temp. temp. torque ratio,
rpm temp., (nozzle (transm. kg" _.m %

oC
°C slde), °C slde), j.,. J

lO,O00 4°..5 39 42 0.86 54.8
3),000 56 46.5 56 0.9(_ 67.0
3),000 (;8.5 85 (;9.6 1.04 68.6

40,060 81 66 _J2.5 l. lO 67.8'
60,0_) 94 77 99.5 I. 15 8@,8
_,(_ 106 _.B 120.5 1.18 BO.B

_,(_o failure
, J m,

lO8
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very rapidly and causes a bear-

Ing failure wi*hln a very short
o

time. Although the bearing _ Oil flow Q (kg/min)

outer race temperature at this m _=a --|=_
time is low at 70 - i00 ° C, _ 2_.')anl

the failure occurs on the race
riding surface of the cage at j

the opposite sid_ of the noz- • _"o

zle, as shown in Figure 127.

Phenolic resin has carbon- _

ized, and at the inner race
o

facing it is also discolored,

indicating quite a high tem-

perature. Figure 128 shows _ _ _ _ _ _ _ _ _ xto'Shaft speed N (rpm)
the relation between the limit- m

ing dn value and oil flow. Figure 126. Bearing outer race

For comparison purposes, the temperature and shaft speed

limiting dn values of the two

deep-groove ball bearings (#6206) equipped with an outer-race-ridlng

cage and an inner race-ridlng-cage, respectively, in Chapters 4 and

5, are also" shown together. The limiting dn value of #6206 with an

inner'race-riding cage was 150 - 165 x l04, regardless of oil flow,

but for #17206, the limiting dn value increased substantially, de-

spite the fact that the same inner-race-ridlng cage was used, ap-

proaching the limiting dn value of #6206 with an outer-race-ridlng

cage.

Although #6206 and /7___8

#17206 have different in-

ternal bearing dimensions,

and thus exhibit different

behaviors at hl_ speed,

the failure at high speed _i_
occur_ in both cases at

the sliding friction por- Nozzle Opposite side

tion of the race surface side of nozzle

of the cage at tl_e opposite Figure 127. Exterior view of the
failea bearing
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side of the nozzle. Thus, the large difference in the limiting dn

value could be explained by the difference in the cage material.

Because the cage of #6206 is made of a hlgh-strength yellow brass,

the failure tends to occur at high speed for the oil-less condition.

When equipped with an inner-race-ridlng cage, an abrasive dust,

created on the race surface of the cage, is drawn inside the bearing

by the oll Jet flow, prompting the bearing failure. On the other

hand, because the cage of #17206 is made of phenolic resin, compared

to high-strength yellow brass, it is more resistant to failure, even

for the bounda2y lubrication condition. The wear resistance is also

large. This difference is considered to have caused the big differ-

ence in the limiting dn value even for the same inner-race-rlding

cages. Although a phenolic resin is superior in wear resistance,

it is inferior in heat resistance, and thus the limiting dn value is

suppressed by the carbonization of phenolic resin, as shown in Fig-

ure 127. By using the material Which possesses better wear resist-

arce and heat resistance, the limiting dn value can be further

_ increased.

Let us analyze the above results in more detail Figures 129,

130, 131, 132, 133, and 134 show the bearing outer race temperature

rise T B - T I due to the inlet oil temperature T I (30 ° C) to the bear-

ing outer race temperature T B and the penetration ratio as a function

of shaft speed. As mentioned in Chapter 3, for #17206, there is a

_arge difference in the penetration ratio depending on which side of

the inner race the nozzle is pSaced; therefore, the results when the

nozzle is placed on the thrust loaded side of the inner race are

also shown. Further, for comparison purposes, the results for #6206 /80

equlppe_ with an inner-race-rlding cage in Chapter 5 are also shown.

With #17206, when the nozzle was placed on the un]oaded side of the

inner race, the oenetrati9n ratio was hlghest_ matching #6206 with

an outer-race-ridlng cage in Chapter 4. #6206 with an inner-race-

rld_ng cage follows next, and #17206 with the nozzle placed at the

thrust loaded side of the inner race was the lowest, with a reduc-

tion to only a few percent at high speed. The bearing outer race

temperature rise also corresponds to the magnitude of the penetration



dTIil I i ii----f I li I ] li I I _ II

c..)

XlO' o _O '

t/l

_ _ . . S _ _,% •

'.:_ _. _ _- - __* ..±. _ .rO-iO . _._%

!:, .r-I IOC _D

Oil flow Q (kg/mln) ;

Figure 128. Limiting dn value

and oll flow _ 1" _ i A 5 e _ _xl_
I --#6206 (outer-race-rldlng Shaft speed N (rpm)
cage) ;2 -- #17206 (inner-race
riding cage) ;B -- #6206 (in- Figure 129. Bearing temperature

ner-race-rlding cage) rlse, penetration ratlo, and
-- shaft speed :
O
O
._ o -- #17206 (nozZle at unloaded

w ........ side of inner race); O m #17206
I_._ I _1.e_.I. (nozzle at thrust loaded side of

_... /# inner race) ; A _ #6206 (nozzlem_ _-. / at tn_ust loaded side of inner

e:_| -_., ./__/./ race); bearing temperature

rise ; ..... penetration
._ O @l- "%\,__. _ / :tk ratio

"

_ \ ' %_//" ratio; the grea_er the penetra-

_. _.| _,_ '_"_ tion ratio, the lower becomes

= , _ the bearing outer race tempera-

_I , , , ....... ture rise. An increase in the
• o , # a _ _ e _ exio' penetration ratio ".an be thought
m Shaft speed N (rpm)

of as one of th_ reasons for a
Figure 130 : Bearing temperature
rise_ penetration ratio, and substantial increase in the

shaft speed- limiting dn value when the noz-

bearing temperature rise; zle is placed at the unloaded
- penetration rr._"io

side of the inner race of #17206_

Compared to #6206 with an

iii
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t I_

o
,, _ • To, ,

t¢ I O+'O'_kl/mlu

+., _H,-,+oIl ]

<D

•_ 40 ,
" "_ _ \X I .•

'-_ "\ df -

Shaft speed N (rpm '®. i "i.-_ i _ _ ",' 0'
m Shaft speed N (rpm) Figure 1B2. Bearing tempera-

ture rlse, penetration ratlo,
and shaft speed:

Figure 1B1. Bearing temperature ----- bearing temperature
rlse, penetration ratlo, and rise ; penetration

shaft speed: ratio

bearing temperature
rise; - -- penetration

ratio inner-race-riding cage. Al-

though with #17206 the penetra- : '+.

tlon ratio is small when the nozzle is placed at the thrust loaded

side of the inner race, compared to when it is placed at the unloaded

side of the inner race, the bearing failure takes place in both cases

:-" at 75,000 rpm, as shown in Figure 133. This indicates that, as shown

in Figure 15, in both cases, mest of the oil flows through the empty

space between the cage and the shoulder drop of the outer race.

Even though there is a wide difference in the penetration ratio,

there is not much difference in oil flow passing through the race

surface of the cage at the opposite side of the nozzle, which is

most susceptible to failure. Thus, with an inner-race-riding cage,

even if there is a wide difference in the penetration ratio, the

difficulty of oil reaching the race surface of the cage, which is

susceptible to failure, is the same. Consequently, the difference

in the limiting dn values of #6206 and #17206, both of which are
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' ' ' ' ' ' _ 101 I I 4 S 6 XIO° _54

Shaft speed N (rpm) m
_ t I I ,, , I t . I

1 l _ 4 6 6 'XI_

Figure 133. Bearing tempera- Shaft speed N (rp_)
ture rlSe, penetration ratlo,

and shaft speed: Figure 13_. Bearing temperature
bearing temperature rise, penetration ratio, and

rise; - _ penetration shaft speed:

ratio bearing temperature rlse;
..... penetration ratio

equipped with an inner-race-ridlng cage, must be mainly due to the /8___I

difference in the cage material.

As is clear from the above results, the factor Which governs

the limiting speed of t_e _Igh speed roller bearing is the lubrica-

tion of the cage. In order to reduce the average temperature of the

bmaring, increasing the p_netration _atio by feeding a large amount

of oil into the bearing is effective. On the other hand, it is more "

important to consider ho_ to effectively supply oil to the area of

the cage most susceptible to failure, particularly the race surface

of the cage at the opposite side of the nozzle, rather than Just _

consider the average temperature of the bearing or the magnitude of

the penetration ratio. From this point, it seems effective, espe-

cially with an inuer-race-riding cage, to use two nozzles facing

i
I

ll3



,oo , , sx , i'l'o Failure " _,-Sks/ml,, Fa ureo , Q,aSka#soin O

] ., Single nozzle o Opposed nozzles

(Nozzle on Inner-/l m
race thrust- / J '

o
, _ •

race unload, slde) _.

g

,_ • , , s, , G)

Shaft speed N (_pm)

Figure 135. Limiting shaft Shaft speed N (rpm)
speed and nozzle position

FigUre 136. Limiting shaft

each other 180° apart with the speed and opposed nozzles

same total oil flow. Figure 136

shows the relation between the bearing outer race temperature rise

and shaft speed when the two facing nozzles, with 1.5 kg/mln each

for a total oil flow of 3 kg/mln, are used. Whereas for a single

nozzle, the failure occurred at 75,000 rpm, aS shown in Figure 135,

for two opposed nozzles the limiting speed greatly increased to

95,000 rpm, even though the total oll flow was identical• However,

as the speed is increased above 80,000 rpm, the friction temporarily

InCreases, and then decreases and becomes stable, indicating some

risk above the 80,000 rpm speed•

6.6. Bearlns Temperature Rise

!I:
:-_ Figure 137 shows the relationship between the rise in tempera-

!_ ture TB - T I frcm the inlet oll temperature TI (30° C) to the bearing

i: outer race temperature TB and shaft speed, from the results in Table

'-_ I0. The relations among the bearing outer race temperature rise

i TB - TI, shaft speed N, and oil flow Q are shown i_ FigUres 138, 139.
i14
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The smaller values of the exponents of N and Q correspond to the

larger value of TB - T I.

Equations (65) and (66) represent the case in which the nozzle

is placed on the unloaded side of the inner race. When the nozzle

is placed on the thrust loaded 81de of the inner race, the following

holds simultaneously:

(TrTt)_A"._,.-
(Tj-W),_.--_._I (67)

Again, the smaller values of exponents of N and Q correspond to the

larger value of TB - T I.

The above results are for the constant thrust load of 50 kg and

the constant inlet oll temperature of 30 ° C. The relation between

the bearing outer race temperature TB - TI versus the load P and the

oll viscosity at an inlet oll temperature Zi, when the thrust load

iS varied from 25 kg to 200 kg, and inlet oll temperature is varied

from 30° C to 90 ° C, can be approximated by the following. The de-

tails are omitted:

(T_- Tz)__"D.w'e."!
(T,-Ts),Z_N" | (68 )

The smaller values of exponents of P and Z I correspond to the larger

value of TB_ - T I •

!_ Summarizing the above, the bearing outer race temperature rise

in the high speed region can be expressed as:

(T.-Te)mZ_.N,,_._._._,,_,,,_.,, (69 )

The smaller values of exponents of each factor correspond to the

larger value of TB - TI. Compared to Equation (5) for the bearlnE

outer race temperature rise of #6206 equipped with an outer-race-

riding cage in Chapter 4, the exponents of ZI, P, and Q are nearly

the same but the exponent 09 N is quite small for #17206. As men-

tioned in Chapter 5, the exponent of N of #6206 is larger for an
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Inner-race-r!dlng cage than for an outer-race-rldlng cage, because

of the smaller penetration ratio of an Inner-race-rldlng cage. As

the penetration ratio of #17206 is roughly the same as that of #6206

(o,ter-race-ridlng cage), the exponent of N for the bearing tempera-

ture rise becomes small because of the small exponent of N for fric-

tion torque of an Inner-race-rldlng -age, compared to an outer-race-

riding cage under such conditions. _.,Is point will be discussed

again in the section on friction torque. Although the penetration

ratio becomes very small and the bearing outer race temperature rise

becomes large when t_e nozzle is placed on the thrust loaded side of

the inner race, the relation of the temperature rise to shaft speed

and oil flow are nearly the same as when the nozzle is placed on the

thrust loaded side of the outer race,.as shown in Equation (67).

This is probably because most of the oll flows through the empty

space around the shoulder drop of the outer race, as shown in Figure

15, thereby not affecting the characteristics of the bearing surer

race temperature much, even if there is a large difference in the

penetration ratio.

6.7. Amount of Heat Absorption bM Lubricatln_ Oil

From Table 10, the horsepower absorption by the deflected oil

and the transmitted oil, as well as the total horsepower absorption /8___4

by oil, are calculated and shown in Table ll. Figure 140 shows the

relation between the total horsepower absorption by oil H0 and shaft

speed from the results in Table ll. The relationship of the total

horsepower absorption by oil H0, with shaft speed N and oil flow Q,

are shown in Figures 141 and 142. In Figure 141, the relation be-

tween H0 and H changes at 40,000 rpm, Just lime for the bearing

outer race temperature rise, and H0 in the high speed region above

40,000 rpm can be expressed as:

t&=_.=_.=} (70

The smaller exponent of N and the larger exponent of Q correspond to

the larger value of TB - T I.

i17
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TABLE ii. HORSEPOWER ABSORPTION BY OIL VERSUS SHAFT
SPEED

(30 ° C inlet oil temperature and 50 kg thrust load)

Oil flow Q - 3 kg/mln

Shaft Horsepower absorption Horsepower absorption Total hp absorp-
speed, by oll (nozzle side), by oil (transm. tion by oil,
rpm PS slde), PS PS

=olM 0.. 0.u o.,,
30,000 O.24 O.6O , O.84
4%00O 0.45 0._ 1.18
_0,oo0 0.68 0.87 1.56
_0,000 I.I1'/ 0.99 '&_6
7O.OOO 1.49 1._0 2.W

• Q = 1.8 kg/min

Shaft Horsepower absorption Horsepower absorption Total hp absorp-
speed, by oil (nozzle Side), by"oil (transm. tion by oil,
rpm PS side), PS PS

!

o0o • 0.13 O.S O.Sl

_,000 ". O.S' O.$g 0._
40,000, 0.40 0.64 L04
SO,O00 0._ 0.81 1.44

:_ 6O,OQO 0.9_ o.95 1.8_
70,000 1.24 1.08 _._

Q = I kg/min

Shaft HorsepOwer abosrption Horsepower absorption Total hp absorp-
speed, by oil (nozzle side), by oil (transm. tion by oil,
rpm PS side), PS PS

20,000 0.11 0._ " . 0._
30,000 0.19 0.47 0._

' + 40,000 +' 0._ 0,_ 0.87
80,000 0.46 0.69 1.15
6o,mo 0._ O.W, 1.47
._000 o._l, d.ag LIM.

|., ,, , , , .. , _ + .

(Table continued on following page)
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TABLE ii (continue,])

Q = 0.72 kglmln

Shaft Horsepower absorption Horsepower absorption Total hp abzorp
speed, by oil (nozzle side) by oll (transm. t_nn oy oil,
rpm PS slde), PS PS

, u1
=,,,_ ,,.m o.'a, ,.:m
aolm) 0,15 O.4tt 0.61
40o0t10 0.20 O.S? N.t4:l
_,(_0 o.40 0._/ 1.0'/
_0,000 0._ O.?t 1.34

.... L - - ........ | ' ' "

Q = 0.44 kg/min

Shaft Horsepower absorption Horsepower absorption Total hp absorp
speed, by oll (nozzle side) by oil (transm. tion by oil,
rpn PS side), PS PS

..... o.=' .... I o.= "
m,_ o.m o.40 o._
40,®0 O.19 0.51 0._
M,O0_ 0.31 O.f4D 0.91
_fl,_10 0.51 0._ i. 14

Q = 0.22 kg/min

Shaft Horsepower absorption HorsepoWer absorption Total hp absorp
speed, by oll (nozzle side) by oil (transm. tion by oil,
rpm PS side), PS PS

,,,, , ,

:._,000 O.Ol_ 0.19 0.:,_

4O,OOO 0.12 0.30 0._
80,000 0._0 0.45 0._
do,coo ' 0.33 o,o _m

u ,.,. • " ' ' '

The above results are for the constant thrust load of 50 kg and

the constant inlet oll temperature of 30° C. When the thrust load

is varied from 25 kg to 200 kg and inlet oil temperature is varied

from 30° C to 90° C, the relation of the total horsepower absorption

by oil H0 with the thrust load P and the oil viscosity at the inlet
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v
6

O

= ' Oil flow--_ ,_
(kg/min )'

_. Shaft speed N (rpm) o
_, 4.%

i Flgure 140 Horsepower absorp- =
i_ tion by oil versus shaft speed o

Shaf ) Shaft speed N (rpm) r

Fig'ure 141. Horsepower ab-

oil temperature ZI can be

_ expressed by
m

o
H,=p,.,.,.mI

J..... H,=Z,o.,4.,, (71 )

_ . Oil flow Q (k_/mln)
= The smaller exponents of P and
Figure 142, Horsepower absorp-

tion by oli versus oli flow ZI correspond to the larger

value of TB - TI.

Summarizing the above, the total horsepower absorption by o11 H0

in the high speed region can L:eexpree,sed as:
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O0000002-TSB3



_&,._.,_._.I_.M.,_.m (72)

Just as for #62_6, there is a good correspondence to the equation . /8_7

for the bearing outer race tempe:eature rise.
_t

In the previou_ chapter, the influence of the cage guide type

on the horsepower absorption by oll was discussed. There, the horse-

power absorptions by the deflected oll were Just about the same be-

cause of the smaller penetration ratio of an Inner-race-ridlng cage

compared to an outer-race-rldlng cage, but the horsepower absorption

by the transmitted oil for an Inner-race-rldlng cage was considerably

_. lower. As the penetratioh ratio of #17206 is only slightly smaller

:_ than that of #6206 (outer-race-ridlng cage), a comparison of the

"_ horsepower absorption by oil for these cases becomes as shown in

Figures 143, 144, and 145. Although the absolute values cannot be -.

compared due to the different frictional characteristics of the two,

the trend shows that the horsepower absorptions by the transmitted

oil are nearly equal because the penetration ratios are equal. At a

high speed above 60,000 rpm,the horsepower absorption of #6206 be-

comes considerably greater than that of #17206. As is clear from

the comparison of Tables 3 and !0, this is because the bearing outer

race temperature rise of #6206 (outer-race-rlding cage) at high speed /88

is greater than for #17206. This difference in the temperature rise

is thought to be due to the difference in the bea_ing type. On the

other hand, the horsepower absorption by the deflected oil is very

much smaller for #17206 comp_red to #6206. This can be due to the

fact that with an inner-race-rldlng cage, most of the deflected oil

flows backward at the contact area with the bearing and there is not

sufficient heat exchange. With an outer-race-riding cage, oil enters

inside the bearlrg, carries out hea_ exchange, and is also discharged

to the nozzle side. This difference in the horsepower absorption

by the deflected oil appears as the @ifference in the to_al horse-

power absorption. Consequently, even if the penetration ratios are

nearly the samej an inner-rase-ridlng cage is disadvantagecus rela-

tive to an outer-race-rlding cage for cooling of the bearing.
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0 _ .,- .d .,..° ' •o o
. l _ 1 s -_ i i ',,,1o"

_ _ Shaft speed N (rpm)

Shaft speed N (rpm);

Figure 144. Horsepower ab-
i.. sorption by oil versus shaft
.-. Figure 143. Horsepower ab- speed

sorption by oil versus
shaft speed: _ --#17206; #6206

#17206 ; (outer-race-riding cage)
#6206 (outer-race-riding
cage) ; x _ total horsepower o
absorption by oil; • _
horsepower absorption by the _ ll41tki/min. _

deflected oil; o _ horse- i_ /
power absorption by the _ ._ ,

transmitted oil _ /

' / / s_lln

AS has been previously _ _1 ' /'./,]i.,,i.[...,olll '
mentioned, with #17206, where _ _ " ._

the nozzle is placed in the 4-'o ,-_"_-/_,_/i Ill'
"_.,2"/.,_-...."-..,

o _""
inner race, the thrust load

direction affects the pene- _ o 'i_ i " _ _ l _ _ ;xlO
tration ratio greatly. The _ Shaft speed N (rpm)

effects of the nozzle posi-
Figure 145. Horsepower absorp-

tion on the horsepower ab- tion by oil versus shaft speed:

sorpt_on by oil are shown in _-#17206; _ #6206

Figures 146, 147, and 148. (outer-race-riding cage)
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O s _

° ";"7"
=: _ , , Shaft speed N (rpm)

IP"_. _'_

i t ...._ i , , _,,,v
Shaft speed N (rpm)

Figure 147. Horsepower absorp-
tion by oil versus shaft speed:

Figure 146. Horsepower ab-
sorption by oll versus shaft #17206 (nozzle at un-

speed: loaded side of inner race;
#17206 (nozzle at

#17206 (nozzle at thrust loaded side of inner
unloaded side of the inner
race) ; -- #17206 race
(nozzle at thrust side of
inner race); × -- total It is seen that when the nozzle is
horsopower absorption by oil;
• --horsepower absorption placed at the inner race thrust
by deflected oil; o N horse- loaded side, most of the total
power absorption by trans-

mitted oll horsepower absorption by oll con-

sists of the horsepower absorption
u..

by the deflected oil, because of a conspicuously small penetration
!,

ratio. The total horsepower absorption by oil is greater when the

_ nozzle is placed at the thrust loaded side of the inner race than

!]; at the unloaded side of the ._nner race, expecially as oil flow in-

!:Ii creases. This is due to the fact that when the nozzle is placed at

i_ the thrust loaded side of the inner race, the bearing temperature
t.

_iI ri_e becomes larger and the horsepower absorption by oil increases !
-' correspondingly. Consequently, from the standpoint of heat load on i

i-i_ the lubricating oil, it is advantageous to place the nozzle a_ the

[ili_l' unloaded side of the inner race• !
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6.8. Heat Exchange, Lifte_,.,ncy.. r_ ..... .,
of Lubricatinc OiL _:', Q-a_/m_.

4) ..,_

,"_ /89
Table 12 sh,.,_w_ the rel_- _ ,.

tlon between shsft speed and _, .".

the heat exchange efflc:lency

of the deflected oll nR, heat :'_ ;

exchange efficiency of'the " _ . ""

transmitted oil np, and over- _ .-" _-
O

all heat exchange efflciency

qE for various quantities of _ i _ ....... _ '

,_, m Shaft speed N (rpm)
oll flow, calculated from

W
Table i0. A comparison with Figure 148. Horsepower absorp-

tion by o_i versus shaft speed:the results for #6206 (outer-
#17206 (nozzle at un-

race-riding cage) is made in loaded side of inner race);
_'_g_res 149, 150, and 151. -- #17206 (nozzle at

thrust loaded side of inner race)
The penetration ra_ios of

#6206 (outer-race-riding cage)

and #17206 are Just about the same. The heat exchange efficiency of

the transmitted oll qp is greater for #17206, _ut the heat exchange

efficiency of the deflected oil is significantly smaller for #17206

compared to #6206. Therefore, the total heat exchange efficiency is

also much lower than #6206. The reason for this has been mentioned

already. It indicates that even if the penetration ratios are about

the same, an Inner-race-riding cage is significantly more disadvan-

tageous, compared to an outer-race-vidlng cage in terms of the heat

ex_._nge efficiency•

For comparison purposes, the heat exchange efficiencles, when

the nozzle is placed at the thrust loaded side of the inner race, are

shown in Figures 152, 153, and 154. Even when there is a large dif-

ference in penetration ratios, the overall heat exchange efficiencies

are of nearly the same magnitude.



TABLE 12. HEAT EXCHANGE EFFICIENCIES OF OIL _. _. _ AND
SHAFT SPEED FOR VARIOUS LEVELS OF OIL FLOW

(30 ° C inlet oll temperature and 50 kg thrust load)

Shaft speed
Quantity of su_plled oil _/m_

aV_ u ...........

1.8 ! 1 0.72 0.44 0.223
I

20,_000 16.2 36.9 40.0 44.8 56.8 69.5
30, ()00 21.7" 37.9 41.0 43.5 56.9 65.0

40,000 26.5 37.5 41.9 49.2 57.7 _0.6

50,000 28.9 41.5 44.5 53.1 60.4 73.5
eo,ooo 40.0 56,6
003 ! as.; 47.7 0.4 [ ,......

eM.

....Sha.f.t.sp.eed.'.:.......Qda_titybf Supplled _oil_' -k_/_, 1..
_m

3 !.8 i O.?db 0.44 0.22

" 3),(KX) 100 100 lO0 103 102. 6 103

30,003 103 100 97.$ 104.4 103.5 1;._.8
40.000 97.1 97.5 98.1 101.6 103.7 1£9.9
M,000 100 101,8 100 lO_t6 I(M li0_1.6
60,000 100 101.4 100 101.9 " 107 11t;
?0.000 101.5 103.5' "103.5

o,
m...m,

Shaft speed e.
Quantity of supplied o_l _ma

3 1.8 1 0.72 . 0.44 0.22

2o,0o0 50.6 67..I 72.0 78.8 80.S 88.0
30,0oo _,1 64.9 69.7 77.7 87.0 90.7
4o,000 48.1 56.5 67.6 76.3 8S.4 9P,.6
5o,o0) 48.1 62.1 66.7 '/6.4 M.5 94.4
eO,o(l) 80.9 e_6 66.3 74.0 84.0 100.8
7o,oIX) 51.9 63.5 06.8.

The relation between oil flow Q and the average value of nE in

the high speed region for various quantities of oil flow is shown in

Figure 155. From Figure 155, the relation between nE (%) and oll

flow Q (kg/min) can be expressed as follows:

when the nozzle is at the unloaded side of the inner race

_=_G_." (73) 4
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T rl m | .

@,,,,31rl/mlo ,,.,,_ I_,,,tiilr/elta _,,...,_-'"@fr
, olp

•..---,,_,.,.... _ _"" ...._ ....i_,,__" •

1,4 _l:Z:_II1 I_,...L___ .,,_',. ' I'4 l:l_ e,,,.

¢_ • •

e'-"( '
I .,-j

o '°.i- i '_ _ _ , _ _ _. _@, o ., .....,....,. ,.
_:Shaft speed N (_pm) Shaft speed N (rpm)

Figure 149. Heat exchange effi' Figure 150. Heat _exchange effl.....
ciency of oil versus shaft speed: ciency of oil Versus shaft speed:

' #17206; #6206 ------_ #17206; -- #6206
(outer race-riding cage) (outer-race-riding cage )



• lk Q_lkt_in lU ........ , , ,-

°!:7._ (Nozzle at Inner-race • = #11,_(Nozzle at the thrust
thrust loaded side) _ _ loaded side of

o '- _ i" _ _ 7" _ _ _ the inner race)
Shaft speed N (rpm)

O •

i i i 'i i i
Figure 153. Heat exchange effl- Shaft speed N (rpm)
ciency of oll Versus shaYt speed

when the nozzle is at the Figure 154. Heat exchange effi-
clency'_f bil versus shaft speed

thrust loaded side of the in-

ner race:

I_-

Depending on the position of •

the nozzle relative to the _ '_

/93
thrust load direction cf the • _ 2 --
inner race, a wlde difference _ =

in penetration ratios was ob-

served, but the difference in

Oil flo_ Q _g/min)the heat exchange efficiencies o

was not that wide. However, Figure 155. Heat exchange effl-

placing the nozzle at the un- ciency of oil versus oil flow:
1 _nozZle at unloaded side of

loaded side of the inner race
inner race); 2 _ nozzle at

rather than the thrust loaded thrust loaded side of inner race

side of the inner race is

slightly advantageous in terms of the heat exchange efficiency. The

heat exchange efficiency of #6206, which is equipped with the same

Inner-race-riding cage, was _E = 70 Q-0.22, as indicated in Chapter

5. Compa_,ed to this, the heat exchange efficiency of #17206 is

slightly smaller, but is of the same magnitude• For inner-race-rlding
4
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cages, the heat exchange efficlencles are all small, even if there "

is a large difference in the penetration ratios. Despite the fact

that the heat exchange efficiency of #17206 was slightly smaller

than #6206 (Inner-race-riding cage), its limiting dn value increased

greatly, as shown in Figure 128. This again proves, as mentioned

in the previous chapter, that it is not possible to talk about the

limiting speed simply in terms of the magnitude of the heat exchange

efficiency.
4

6.9. Bearing Friction.

Figure 156 shows the relation between the friction torque and

_haft Speed for each oil flow from the experimental data in Table I0.

The same trend as for #6206 equipped with an inner-race-rlding cage

in the previous chapter is exhibited. Although the data for #6206

(inner-race-ridlng cage) go only up to 45,000 rpm, #17206 which

goes up to 70,000 rpm also shows that an increase in friction torque

due to speed is extremely small.

Figure 157 shows the /94 :

comparison with #6206 • '

(outer-race-rlding cage). 0il flow Q (kg/min)

As the speed gets higher, _ _Q.$

the difference in friction _ _/_.._..._U
torque becomes greater. _ -_

This large difference in the _ /__,_._0..__
friction torque characterls-

tics between an inner_race- _O
4_

riding cage and an out_r-

race-rldlng cage is, as o
4_

mentioned In the prevlous

chapter, due to the fact that _ 0 i _ i 4 s ...._ _ I_
with an outer-race-riding Shaft speed N (rpm) "

cage, the sliding friction
Figure 156. Friction torque versus

on the race surface of the shaft speed.

cage makes up a large portion
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Oil "-' ',,, :flow Q i,''_"s

. (kg/min)/-- , _. l,Oil flow, ._..(kg/mln) [

I

" Z/I_. ,/ --"'/ .. i.
'. o. ,/' •/"--3__..-- ' "

I

Shaft speed N (rpm) Shaft speed N (tom)

Figure 157. Friction torque Figure 158. Friction horse-
versus shaft speed: power loss versus shaft ..

speed
#17206;

#6206 (outer-race-riding
cage )

• , ,, --

Oil flow ,
-_ _ Q (kgim±n') "

09 the frlctfon torque of the outer _m /
race. Figure 158 shows the relation ...

/ P
between the shaft speed and the .'"_ma / /
friction power loss obtained from _ It /

#

the friction torque, while Figure o .. / /'

159 shows the comparison with an _ /_,//a

////: I

oUter-race-riding cage. _,..,_ , _"_",.___.

When the inlet oil temperatUre o ..

is varied from 30° to 90° C, the _ i:
i i , I | '

relationship of friction torque M , _ i 4 _ , v . _le'
Shaft speed N ¢rpM)

with the viscosity at the bearing

temperature ZB, shaft speed N, and Figure 159. Friction horse-
power loss versus shaft

oll flow Q in the high speed region speed:

can be approximated, Just like in #17206; .....

the previous chapter, by the #6206 (outer-race-ridingcage)
following:

t
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The exponents of each factor in the above equatiOn are similar to

those in Equation (51) for #6206 (inner-race-riding cage). For an

Inner-race-rlding cage, the friction torque is governed by a nearly

identical equation and, compared to an outer-race-riding cage, the

exponents of N and Q are characteristically small.

' Figure 160 is a result of correlating Equation (75) with the vis-

cosity at the bearing temperature ZB for each point in Figure 156,
while Figure 161 is similarly cor?elated with the results under the

various thrust loads.

_ i'. " Load P (

..j. ' " i-'.

O
. aS

_'4_ Z_w(_'_(el '. i'1_0,k_/mial '_' " '_._ _$_(eP, rlm,.J_/mln) *

!:;, FigUre 160 Friction torque, Figure !61 Friction torque,!._ • .

viscosity, shaft speed, and viscosity, shaft speed, and
oll flow oil flow

Since the non-velocity term Mp of friction torque becomes the

following, from Figure 162,

the friction torque M (kg • cm) can be expressed as

M=/.SxI_,m.,+&Sx_,ZM_._.- (77)

where P is in kg, ZB in cP, N in rpm, and Q in kg/min, as before.



The friction power loss HB (PS) of the bearing is, from /96
Equation (77):

Ha=104_._+l._×lO-,Zm,.,_.,_., (78)

6.10. Equation for Estimatin_ Bearing

Temperature Rise

If the entire friction power loss in Equation (78) is assumed

to be carried away by the oil, then the equation for the bearing tem-

perature rise can be obtained similar to the previous chapter. As

it cannot be simply calculated as is, a result obtained from an ap-

proximation formula for the friction power loss HB is shown here.

Figure 163 shows the results of correlating the friction power loSS

Figure 158 with ZB0"5NI'8Q 0"12 in Equation (78) The results
in

Similarly correlated for the various loads are shown in Figure 184. ,

The relation between the J
o

friction power loss and load

' J ..... I
for ZB0"5NI'8Q0"I2 of _o I J_ I108, 108, • _

2 x 5 x and I0 x _ _

108, I "

obtained from FigUre o

164, is shown in Figure 165. _
O 4o

From this, the following ap-

proximatlon can be made: o _ :a .......... --........

Load P (kg)H.__..- (79)
Figure 162. Non-veloclty term of

so that EqUation (78) can be friction torque and load

approximated as

Hj-,.OxtO-"Zj'.'_,.*m.,_, (80)

where ZB is in cP, P in kg, N in rpm, and Q in kg/mln, Just as in

Equation (78).

,1



In a similar manner

to the one used in Chapter r-_km

4, the following equations _

for the bearing tempera-

ture rise TB - TI can be _m
• . @ @

tO

obtained by using Equa- o Q (kg]min)

tions (29) and (30) for _ i " .y . .Q-3 .

the relation between ZB/ZI _ __ x u
o .

and TB- TI: "
O

%m U

(i) when TB - TI is _ _ I'0' ' _

small (15 - 40° C):

Figure 163. Friction horsepower loss,
Ta-rt=2xm-,Z?.,,_,.,,Iv_.,,Q-,.,(81) viscosity, shaft speed, and oil flow

(2) when TB - TI is

large (35-120 ° C): _ ' _'_//{_ _ '"
Load P (kg) / / _lwm

/Equations (81) and _ /

(82) roughly correspond to _ /

the experimental equation

(69) for the bearing tem-

perature rise, in that the

exponents of Zl, P, N, and _ o * _ _
Q in the latter equation A_"_,nm,_)
vary from 0.3 to 0.5, 0.18 •

Figure 164. Friction horsepower i_s,
to 0.22, 1.0 _o 1.38, and viscosity, shaft zpeed, and oil flow
-0.41 to -0.57, respec-

tively, depending on the

magnitude of TB - TI.

Figure 166 is a result of correlating the bearing outer race

temperature rise in Figure 137 with zIO'33pO'I9NI'2Q -0"_2 in Equation



!

_} (82), which holds when TB -
_ i| i i i ,i

_I is large, l.e., in the

i_ high speed region. As Equa- m /9.__8

tion (82) holds within the m

speed range of i0,000 - o ....
" /A

70,000 0.22-3 kg/mln oil flow range, it
o

can be used as an approxi-

matlon between the low o

speed to high speed region.

Figure 167 is a result of ' ' ' im ..... _m

0.33 Load P (kg)
correlating with Z I

Figure 165. Friction horsepower
p0"lgNI'2Q-0"h2 in Equation loss and load fo_. various values of

ZB0.5NI. Q0
(82) the bearing outer race o 8 .2

o

temperature rise under the "_

various conditions: that
I

is, shaft speed of I0,000 - _mtk ...... /,

70,000 rpm, oil flow of •

0.22 - 3 kg/mln, thE/st
_' ..i .'Oil flow

load of 25 - 200 kg, and _ _"

inlet oil temperature of • _ .,," s_ :z
4_ . _"

I._"
30 - 90 ° C. There is a • _.'"

O " I

good correspondence be- _ _,jlW" . a_

tween the observed values _ ,"" . . a4,

and Equation (82) An ex- o #_" • "....... ! ...... _.... _........ _" =--_ ..... , I_
ception is in the regior _ zT"i'_'w"_'"_.,_.,_.__,,,,

of low speed when the in- m
Figure 166. Bearing temperature rise,

let oil temperature is viscosity, shaft speed, and oll flow

changed. Because the bear-

ing temperature rise is

small, and an error is large in this region, it is omitted.

The equation for the bearing temperature rise, calculated from

the friction power loss, again agrees very well with the observed

data. The fact that the friction of the high speed roller bearing

133
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t J

_4

is caused as a whole by a

vlscoun frletlon remains _"m ....
, Ii_

unchanged. ,,_ _& ,_J l.|.i__'*{"':_.','"
•r_ e

¢1. , ,'{ '
Ge

6.11. ConCluslons for _ ...,

Chapter 6_ o_ _ :_.?_"4"'*
_ °

The limiting sp,._edof _ :

#17206 angular contact o_

ball bearing, as well as _ _--....['--'--2 " & _ _ "- m'

ho_ the bearing tempera-

ture rise and the friction Figure 167. Bearing temperature rise,

torque are affected by viscosity, shaft speed, and oil flow

speed, thrust load, oil

flow, and other factors are studied and compared to #6206 deep-groove

ball bearing. The major conclusions are the following:

(i) The limiting dn value of #17206 angular contact ball bear-

i_j Ing appears at 195 x 104 for oil flow of 0.22 kg/min and 0.44 kg/min,

210 x i04 for 0._2 kg/min, and 225 x 104 for 1 - 3 kg/min. For

#6206 equipped wlth the same inner-race-rldlng cage, its limiting dn

value appears in the neighborhood of 150 - 165 x 104. The fact that /99

the limiting dn value of #17206 is much larger than that of #6206,

although both are equipped with an inner-race-r_ding cage, can be

due not only to the difference in the bearing type, but also to the

difference in the cage material, since the failure is taking plac_

in both case_ on the race riding surface of the cage at _he side

opposite the nozzle. While the cage material of the deep-groove

ball bearing is high-strength yellow brass, the cage material of the

angular contact ball bearing is a phenolic resin, and the latter Is

superior in wear resistance. Although phenolic resin Is sup_rlor

in wear resistance, it is inferior in heat resistance, as it tends

to cause carbonization of the race surface of the cage when th_

temperature rises. By usin_ more heat-resistant and wear-reslstant

material, it is possible to further raise the limiting dn value,

even for an inner-race-ridlng cage.
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(2) With the angular contact ball bearing, an extremely large

difference in the penetration ratios is observed, depending on the

nozzle position relative to the direction of the thrust load of the

inner race. However, the bearing failure occurs at the Identical

speed, regardless of the magnitude of the penetration ratio. This is

because, with an Inner-race-rldlng cage, even If there is a large

difference in the penetration ratio, oil has difficulty reaching the

race riding surface of the cage and the side opposite the nozzle,

which is most susceptible to failure. That is, as mentioned in the

previous chapter, the penetration ratio influences the average tem-

perature of the bearing, but has no direct relation to the failure.

The most important thing is to prevent the failure by supplying a

large quantity of oil to the race riding surface of the cage at the

opposite side of the nozzle, which is most suceptible to failure.

In this regard, using two nozzles facing each other 180° apa_.t, with

i an inner-race-riding cage, can substantially increase the limiting

dn value.

(3) The temperature rise from the inlet oil temperature TI to

the bearing outer race temperature TB in the region with the dn value

of 195 - 225 x 104 can be approximated by ...

where ZI ic the oil viscosity at the inl_t oil temperature, P is the

thrust load, N is speed, and Q is oil flow. The smaller values of

exponents correspond to the larger value of TB - TI.

(4) The horsepower absorption by lubricating oil H0 can be
approximated by

The smaller exponents of ZI, P, and N, and the larger exponent of Q,

correspond to the larger value of TB - TI. Just as for _6206, there

is good correspondence with the formula for the bearing temperature
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00000002-T$C14



rise. The heat exchange efficiency of lubricating oll nE (%) can be

expressed as a function of oll flow Q (kg/min) as

It is slightly smaller than #6206 inner-race-riding cage, and all

inner-race-ridlng cages show much smaller values than an outer-race-

riding cage type.

(5) As in the previous chapter, the bearing f_iction consists

of viscous friction, on the whole. The friction torque M (kg • cm)

and the friction power loss H B (PS) can be approximated by

M=_ 2× m-I _.o+& W_!o_oZ_.o_.q_o.n
Hj=_ _oN _I._X_" _au_,_ 'u

where ZB, the oil viscosity at the bearing temperature, is in cP,

i P in kg, N in and Q in kg/min.

rpm,

Compared to #6206 Inner-race-rldlng cage in the previous chap-

ter, the exponents of each factor are about the same. The big dif-

ference in comparing with #6206 outer-race-rlding cage is the small

exponent of N of an Inner-race-rlding cage. Whereas the maximum

speed of #6206 Inner-race-rldlng cage is 45,000 rpm, the maximum

speed of #17206 is 70,000 rpm, and is nearly equivalent to #6206

outer-race-rldlng cage; this trend is unchanged even in the high

sp_ed region.

(6) Assuming all frictional heat is carried away by oil, the

following bearing temperature rise (°C) can be obtained from the

experimental formula for the friction power loss:

(_--7))=l.8Xl0"_t'.#_."_,_-'.n

where ZI is in cP, P in kg, N in rpm, and Q in kg/min. Thus, the

formula for estimating the bearing temperature rise derived from the

friction power loss agrees very well with the observed data.
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CHAPTER 7. _GULAR CO._TACT BALL BEARING (#30BNT)

T.I. Introduction

The limiting dn value and the bearing performance of the deep-

groove ball bearing (#6206) were discussed in Chapters 4 and 5, and

those of the angular contact b_.ll bearing (#17206) were discussed in

Chapter 6. In all cases, the bearing failure occurred on the race

riding surface of the cage at the side opposite the nozzle. Even

when oil flow was increased, the highest limiting dn values of these

bearings were approximately 28'3 x l04 for #6206, and 255 x l04 for

#17206, and did not reach 300 x l04.

Thus, to realize the dn value of 300 x l04, it is necessary to

study the new bearing type. For this purpose, #30BNT angular contact

ball bearing was made, and the experiments performed. As shown in

Figure 19, #30BNT has the shoulder of the inner race dropped, con-

trary to #17206. When the shoulder of the outer race is dropped,

the contact with the outer race track surface becomes unstable due

to the centrifugal load at high speeds. Having dro_ped the shoulder

of the inner race, the angular contact ball bearing can also use an

outer-race-riding cage, which is advantageous at high speeds. Fur'

_ thermore, because the inner and outer races are separable, the cage

is machined in one piece, thereby increasing the mechanical strength

and the manufacturing precision of the cage compared to the rivet

assembly for #6206.

Experiments were conducted to study the limiting speed as well /I00

as the various performance characteristics, such as the bearing tem-

perature rise and the friction torque of #30BNT, which is considered

to be suitable for high speed operation. As a result, it became

clear that this type of bearing is best suited for high speed opera-

tion, and that th_ dn value of 300 x l04 is attainable. How the

various factors such as oil flow affect the bearing temperature rise

and the friction torque for the dn value of up to 300 x l04 was

studied and compared with the results in the previous chapter.

IS7
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7.2. Experimental Conditions

Although already mentioned in Chapters 2 and 3, the conditions

used In this experiment are summarized. A single nozzle is placed

at the thrust loaded side of the inner race. It is made to face the

center of the clearance between the cage and the inner race perpen-

dicularly. The distance between the leading edge of the nozzle and

the face of the inner race is 8 mm. The Jet velocity is constant at

approximately 20 m/s regardless of oil flow.

=2 Unless otherwise speci-
of II

fled, the thrust load is ---In--, Pocket hole for ea.-_ equiv, slots on circum-

_ constant at 50 kg, and the __ L ferencelk_\ . •

inlet oil temperature is II _ i. ,i-_m¢--_ _'_-_Im

also constant at 300 C. I t _ '_

7.3. Test Bearing t . . _!

The test bearing is a

SP class #30BNT angular con-

tact ball bearing. It is

equipped with an outer-race- Figure 168. Cage conflgu_ation

riding cage made of high-

strength yellow brass. As shown in Figure 168, an oil groove to im-

prove the oll discharge is established around the outside perimeter

of the cage. The dimensions of the test bearing are shown in

Table 13.

[.4. Experimental Results

The llmitSi,g speed, bearing outer race temperature, outlet oil

nozz_, side and the Oearlng transmitted side,temperatures at the _

friction torque, penetratlor_ ratio, and shaft Bpeed under the various

oil flow rates, but the constant thrust load of 50 kg and the con-

stant inlet oil temperature of 30° C, are shown in Table 14.

These experimental results, a_ well as the results obtained by

changing the thrust load and the Inlet oil temperature, are now

discussed.
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TABLE 13. TEST BEARING #30BNT (SP)

Diameter of _'eel ball, mm 9.525 (3/8")

Number of steel balls ii

Percentage of groove radius to steel ball

Inner race, % 53.5 - 54.5

Outer race, % 51.5 - 52.5

Inside diameter of outer race, mm 53.0

Outside diameter of inner race, mm 40.4

Radial clearance, pm 25 - 35

Cage guide type Outer-race-
riding cage

+0
Guide clearance, mm 0.2 - 0.06

Pocket clearance, mm 0.165 + 0.05

TABLE 14. BEARING TEMPERATURE, OUTLET 0IL TEMPERATURE,
FRICTION TORQUE, PENETRATION RATIO, AND SHAFT SPEED
(30 ° C inlet oil temperature and 50 kg thrust load)

Oil flow Q = 3 kg/min (room temperature 17° C)

Shaft Bearing Outlet oll Outlet oil Friction Penetration
speed, outer race temp. temp. torque, ratio,
rpm temp., (nozzle (transm. kg.cm %

oC°C side),°C side),
I

_}, O(X_ _. B 37 37 1.53 68.1

30,OOj} 43 40. 41 1.95 60.7

40.(X}O 49 44 47 +L49 60.t)

80,000 56.5 46 56.8 3.(]8 41.9

00,000 67 53.S 68.S , 3.46 37.2

20,,,000 29 60 61.5 3.77 31.5

60,000 90 67.5 96 4.01 'S7.S
90,(IX) lO_._ 74.6 113.6 4.33 34.4
37,000 115.5 90 135.5 4.35 _l.?

+

(Table continued on following page)
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TABLE 14 (continued)

Q = 1.8 kg/mln (room temperature 15 ° C)

Sh_:ft Bearing Outlet oll Outlet oll Friction Penetration
sp¢ed, 'outer race temp. temp. torque, ratio,
r_m temp., (nozzle (transm. kg. cm %

" °C side), °C°C side),

20,1_0 41 3_.& 39 1.43 . 70.3 "

30,000 47 44 44 1.80 50.11
40,000 63 49 51.5 3,_) 51.3
50,000 e_ S4o8 I_.f_ 3,63 44.?
C_O,O00 73 61.5 7"7 3.05 40.4
_,000 86 I_ 9'_S 3.32 35.4
80,050" / 98.5 75 10_t.5 3,63 33.4

90,000 "I 115 M.5 l_.S &@ 91).(}100,000 _S- 9S.$ 14tLS 3,S5. Sg.a

Q = 1 kg/mln (room temperature 18 ° C)

Shaft Bearing Outlet oil Outlet oll Friction iPenetratlon

_.: speed, outer race temp. temp. torque ' I ratio,_ (transm. kg. cm " %
_ rpm temp., (nozzleoc
• side), °C i°C side),

2(},000 • 44.5 43.5 42,5 T 1.30 1 65.4

30,000 52.5 . 49.5 49.5 1.61 ' I 54.6
40,000 51 66.5 60 ', 1.94 _ 46.1
50,000 71.5 66.5 73.5 2..28 ! 40.8
50,000 86 75.5 92,5 IL6_ I 37.4

70.000 I08.5 84.5 _ IlL5 ,, 3.71 1 34.?
60,050 131 9.", laa 3,63 I 33.0
90,050 141.5 104.6 164.5 3.00 ( 31.0

IO0,O00 164.5 i 133 _I.5 8.18 1 33,3

"Q = 0.7"2 kg/mln (room _emperature 15 ° C) -_
1

Shaft Bearing Outlet oll Outlet oll Friction Penetration
speed, outer race temp. temp. torque, i ratio,

(transm. kg. cm) I %

r,m temp., (nozzleoc°C side), side) o C

20,(kX} 48.t) 47.B 47.$ t. l_ &4.?
30,(100 _8 IH;.6 50.8 !.4_ M.5

40,000 q_.5 _ . _ 1.73 81.7

50,000 _.5 ?&$ 50 3.C_ 46.4

®,000 P4,6 O0 98,6 S,al 41,11
70,000 I13. 6 101 130 2.f/} 40.1

80, 000 133 IlL 5 144 2, 63 m. 2

50,000 166.6 133.$ I_ _,.72 9T.$ _
100,500 178 , 138 194 '/.80 30.6

(Table concluded on following p._ge)

00000002-TSD05



"TABLE iZl (concluded)

Q = 0.44 kg/min (room temperatur._ 17° C)

i ?

Shaft I Bearing Outlet oll Outlet oil Friction Penetration

i • _ ratiospeed, outer race temp. temp torque, ,
rpm temp., (nozzle (t_ansm. kg. cm %

I oC side), °C _ide), °C

I , I {
90,000 52 51,5 51 : 1.07 56.7

30.000 ] 63.5 61.5 60.5 1.29 46.7 -
40,txx) +,-. "r/ ?4.5 76 1.5o 47,2.
re,am m 07 e4.s '. i.m _d
oo,om n4 1_ t_.S • 1._ Se.?

80,000 15g 131._ 168 3.14 36.8
_,ooo 172 141.5 18S 3.18 r 33.5

9o,ooo fal lure

Q = 0.22 kg/min (room temperature 19° C)

Shaft Bearing Outlet oil Outlet oll Friction Penetration
speed, outer race temp. temp. torque, ratio,
rpm temp., (nozzle (transm. kg. cm %

oC°C side),°C side),

I : m.s o.8, .,.;,
SO,O00 74.5 i 71.5 73 ' ' 1.06 49.3

' 40,000 93 1 88 90.6 1.20 49.6
50,000 113.5 l 1118 114.5 l.:_i' 47.7

60,0o0 13'/.5 t 12/.$ 14_.S 1.46 8.173,000 183 , 148 I_1 L_ 84.0
9'6,000 129 I 164 lOS L60 _.S
80,000 196 1 lf_ gO4 LIB ' 93.1

.m,oOO failure

_._z Allowable Limiting dn Value

Figure 169 shows the relation between the bearing outer race

temperature and shaft speed from the results in Table I_. With an

oll flow of 0.22 kg/min, the friction torque rapidly increases at

83,000 rpm, and immediately results in a failure. Figure 170 is an

exterior view of the inner and outer races snd the cage at that time.
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The cage face at the opposite

side of the nozzle is dis-
o

colored, indicating a high tem- o

perature. As before, the race m

riding surface of the cage at •

thc opposite side of the noz- z

zle is abraded again, but the

track surface of the inner

race is most worn out. Be- •

cause of the centrifugal force, •
o

oil is forced to the outer

race side, the oll flow be- e
comes small, and the bear-

o
ing outer race temperature

reaches 220° C, leading to the

.....- overheating of the bearlng, _ ! J_

_ and causing the failure on the

inner race track surface, even , i s 4 s 6 T i _

ahead of the race riding sur- Shaft speed N (rpm) /104
face of the cage. As men-

tioned in Chapter 4 #6206 Figure 169. Bearing temperature, and shaft speed

(outer-race-rldlng cage) had Nozzle side "
a failure at the bearing outer

_ race temperature o_ 170° C ....

with an oil flow of 0.22 kg/mln.

The limiting speed then was sup-

pressed by the abrasion of the

race riding surface of the cage

rather than the failure on the

track surface. Compared to that,

#30BNT cage withstands the high

speed and the high temperature

well. With an oil flow of 0.44

kg/mln , the friction torque Figure 170. Exterior view of
failed bearing

rapidly increases at 90,000 rpm_

and failure occurs. Figure 171 ._

shows the exterior view of the ,_

142 i
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4W*l_ .........

_3 BNT (out.-race-rld. cage)

'_ 6206 (out.-race-rid. cage)

W _ "_/ #17206 (In.-race-rld. cage)

'_,__' ".#6206 (In.-race-rld. cage)

. .
I_ .... _"' " '"

Figure 171. Exterior view of
the failed bearing

inner and outer races and cage Oil flow Q (kg/mln)
at that time. When the oll

flow is increased to 0.44 k_ Figure 172. Limiting dn value
and oll flow

mln, the track surface of the

inner race is not worn out as

much as in the case of 0.22 kg/mln oll flow. On the other hand,

abrasion on the race riding surface of the cage at the side opposite

the nozzle is consplcuou_, and the _,Iplng of the cage material and

the failure occur on the race riding surface of the outer race fac-

ing it. Consequently, in this case, the abrasion and failure of

the race riding surface of the cage suppress the limiting speed.

With an oll flow of 0.72 kg/min or more, no failure takes place even

at 100,000 rpm speed and the dn value of 300 x l04. The limiting

speed must then exist somewhere higher, but because the maximum

speed of air turbine was 100,000 rpm, it was not possible to raise

the speed further. The reason for the maximum speed of 97,000 rpm /10__5

with an oil flow of 3 kg/min is that the friction power loss signi-

ficantly increases at high speed, and 15.5 PS air turbine cannot

provide sufficient horsepower. Experiments with dn values greater

than 300 x l04 are planned in the future.
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Figure 172 shows the relatiOn between the limiting dn value

and oil flow, together With the previous results. While the limiting

dn values of #6206, which is of the same outer-race-riding cage type,

are 210 x l04 with an oil flow of 0.22 kg/min, 240 x l04 with 0.44

kg/min, 270 x l04 with 0.72 kg/min, and 285 x l04 with 1 - 3 kg/min,

the limiting dn value of #30BNT has increased considerably. As no

significant difference can be recognized in their bearing performance

characteristics, such as bearing outer race temperature rise, fric-

tion torque, and penetration ratio when Tables 3 and 14 are compared,

the difference in the limiting dn value is conjectured to be due to

the different cage construction technique. That is, the #6206 cage

is of the rivet assembly type and is inferior i_ precision and mech-

anical strength. On the contrary, since the inner and outer races

are separable with #30BNT, a one-piece machined cage can be made,

thus raising the precision as well as the mechanical strength. It

seems that such a difference appeared as the difference in the limit-

ing dn value. In fact, with #6206 (outer-race-ridlng cage), when

the shaft speed is increased above 80,000 rpm, the friction torque

rapidly increases initially and then stabilizes. This can be ex-

plained by the local metallic contact and abrasion caused by the

inferior manufacturing precision of the sliding friction surface of

: the cage. On the other hand, with #30BNT, absolutely no such phenom-

enon was observed up to I00,000 rpm, backing up the above conjecture.

As mentioned previously, aside from the limiting dn value, the

bearing performance of #30BNT and #6206 (outer-race-riding cage) are

similar. The various characteristics of #30BNT will be b_iefly men-

tioned next.

7..6. Bearin_ Temperature Rise

Figure 173 shows the temperature rise T B - T I from-the inlet

oil temperature T I (30 ° C) to the bearing outer race temperature T B

as a function of the shaft speed, using the data in Table 14. The

bearing outer race temperature rise T B - T I as a function of shaft

Z44
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0 • I_ 1( "m Shaft speed N (rpm)i

Figure 173. Bearing tempera- • 0il flow Q (kg/min)ture rise versus shaft speed o •

.m
O

_, i' _ .'_&Shaft speed N (rpm)

) .! t I | t' t e

: ) __ -I ,,=o,,,,. ,o.,n,,em,o..-

° speed N and oil flow Q are shown

• in Figures 174 and 175, respec-

o " tively. The relation between

_ TB - TI and N changes at g0,000

rpm, Just as with #6206 (outer-

0il flow Q (kg/min)' race-t'iding cage). In the high
Figure 175. Bearing temperature

rise versus oil flow speed region above 40,000 rpm, Ii0___66

it can be expressed as

('t,- r,} ,,'v,.,-,.- ( 83 )

!

.................................. ....... 11)5
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From Figure 175, TB - TI and Q are related by

CT,-_),g_'_.--4., (84)

As before, the smaller exponents of each factor correspond to the

larger value of TB - TI.

The above results are obtained under the constant thrust load

of 50 kg and the constant inlet oil temperature of 30° C. When the

thrust load is varied from 25 kg to 200 kg, and the inlet oil tem-

perature is varied from 30° C tO 120° C, the bearing temperature rise

TB - TI is related to the load P, and the viscosity at inlet oil

temperature ZI by .

(Ti-Tn'_"_'wZ_'M'°'_ (85)

The smaller exponents of _ and ZI correspond to the larger value of

TB - TI .

i Summarizing the above, the bearing outer race temperature rise

!_ in the high speed region can be approximated by

Equation (86) corresponds fairly well to Equation (5) for #6206

(outer-race-riding cage) in Chapter 4, and indicates that, even if

the bearing type is different, roughly the same relation holds for

the outer-race-riding cages for dn values of up to 300 x l04.

[.7. Amount of Heat Absorption b_ Lubricating Oil

Table 15 is a result of calculating the horsepower absorptions

by the deflected oil and the transmitted oil, as well as the total

horsepower absorption by oil, from Table 14. Figure 176 shows the

relation 0etween the total horsepower absorption by oil H0 and shaft

speed N from the data in Table 14. From Figure 177, H0 and N above

............146
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TABLE 15. HORSEPOWER ABSORPTION BY OIL AND SHAFT SPEED
(30 ° r inlet oil temperature and 50 kg thrust load)

011 flow Q = 3 kg/min

Shaft Horsepower absorption Horsepower absorption Total hp absorp-

speed, by oil (nozzle side), Iby oil (transmitted it_,on by oil,
rpm PS I side) j PS ), PS

! I I i ,,

i 2o,txx_ o.S_ i ,.M j 1.co*_,300 o.fll : o.!t4 1.l',_
40,Oil) I. (r2 I i
_,0110 I. 61 ] 1,*'.14 [ _1.£111l.m) 3. I1

I

/lO,(lO0 2.18 _._ [ 4.'_1
7o,ooo 2.94 .'L_ I &2"/
80,000 s.u 2.m I r,.s7

7.84gO,O00 4.78 2.111 t
97,OOO S,S8 S.19 _U$7

Q = ]..8 kg/min

Shaft Horsepower absorption Horsepower absorption Total hp absorp-

speed, by oil (noZzle side), _,by oil (transmitted tion by oil,
rpm PS i side), PS PS

I

20,000 O._S I 0.56 0.80
30,000 0`4g 0.75 1.24
40,000 0.8( 0.t17 I._

70,Ollll 2._| I._ 4.13
IJO,O00 _(_ :I.lid q.89
_,000 _.3_ 2.111 &gg i
I00,000 $.89 3,01 6.90

Q = I kg/min

Shaft Horsepower absorption Horsepower absorption Total hp abso-p-
speed, by oll (nozzle side), by oil (transmitted tion by oil.,
rpm PS side), PS PS

20,000 O.2a 0,41 O_e4
3o,oo0 0.44 O.li_ 0`!16
40,000 0.71 0.68. l.m
_,000 I.(Xl 0`87 ,, 1._0
GO,O00 , 1.41 I.I.5 _*_
7O,OOO 1.76 1,_ . &l_

_0,000 &_l 1.16 _ 4,47
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TABLE 15 (eontlnued)

• 0.72 F._./mtn

Shaft Hor:3epower absorption Horsepower absorption Tots] hp _bzorp-
speed, by o.tl (nozzle s_de), by oil (transmitted t_c,n by oli+

rpm PS slde), PS PZ
p ,

_,_ 0._I 0.8 O.f_
_,001) O.m O._ O.9:1
40,000 O.59 0._ 1.23
_,000 o._ 0.8O 1.66
_, 000 1,19 O.9_ 2.111
70,OOO 1.46 1.:_ 2,W
llO,OOO 1.70 I._ &P,i
I_,000 1.99 l.tt &t8

100,000 2.M 2.06 4. 41P,
qll+ -- + + .......

Q = 0,44 kg/min

Shaft Horsepower absorption Horsepower absorption Total hp absorp-
speed, b.v oil (nozzle side) by oil (transmitted tlon by oil,
rpm PS slde), PS PS

s),_) o.2o 0._, ' o.,15

•+ 30,000 0._ +0.32 0.64
++ 40.000 0._ 0._ 0._

O0,OtX) O.e8 0._ I.FP
t 60,000 0.95 0.72 1.67

70,000 i.15 0.88 _.03
110.0310 l.a I.m &a
is.coo I.M I.m :ZlMt

Shaft Horsepower absorption Horsepower absorption Total hp absorp-
speed, by oll (nozzle 8i4e) by oil (transmitted tlon by o11,
rpm PS side), P$ PS

m.ooo"i o.14 .......... o.i+, o+m
30,000 O.24 0.24 0.48
40,000 (_ga _L3 0,114
sO,OOO 0.45 0.4_ O.gO
_0,000 0.65 _ 48 I.t_
7O,OOO O+81 O,I_ I.
70,000 0._ 0,0_ I._
m,_o 1.o_ o.m LtMI
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I

" °Oil flow

O 1 _

g _-,=z-s 4 5 _; ; ;,.,o.
m Shaft speed N (rpm) _ '

Figure 176. Horsepower ab- o
_ sorption by oll versus shaft
i_ speed _

o_

40,000 rpm are related by

,,._._,.- (87) _I
Shaft speed N (rpm)

From Figure 178, H 0 and Q are Figure 177. Horsepower ab-

related by sorptlon by oll versus
shaft speed

_-_'".0 (88)

The smaller exponent of N and the larger exponent of Q correspond to

the larger value of T B - TI.

The above results are obtained under the constan_ thrust load

of 50 kg and the constant inlet oil temperature of 30 ° C. When the

thrust load is varied from" 25 kg to 200 kg, and the inlet oil tem-

perature is varied from 30 ° C to i_0 ° C, the total horsepower absorp-

tion by oil H 0 is related to load _? and viscosity at inlet oll tem-

perature by

_-_ -Z,._- (89) /10___%9

The smaller exponents of P and Z I correspond to the larger value of

T B - T 1 .
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Sulmarizing the above,

the total horsepower absorp- _ 10 ..........

tlon by oll in the hlgh speed _ I_/_ _

region can be approximated by o ___/_+

_o.,_.._.M._._i.._.,,_.. (90) o . 40,000

Equation (90) roughly notre- + _._//_+/+ ++ m_--sponds to Equation (86) for _

. peedthe bearing outer race tem-

perature rise, as well as to _ ! I

Equation (10) for #6206 _ p) +

(outer-race-riding cage).

+:+_ As is clear from the _ a .................. _' /II0
_ ., Oil flow Q (kg/min)
-+ comparison of Tables 15 and

4, the percentages of the Figure 178. Horsepower absorption
by oil versus oil flow

horsepower absorption are

about the same for #30BNT

and #6206 (outer race-riding cage), indicating the same trend for

the outer-race-ridlng cage type bearings.

7.8. Heat Exchange Efficienc_ of Lubricatin_ Oil

Table 16 shows the relation between the heat e×chsng_ _ff_ciency

of the deflected oil _R' the heat exchange efficiency of the trans-

mitted oil np, and the total heat exchange efficiency nE and the

shaft speed for various oil flow rates calculated from the data in

Table 14. Comparing Table 16 with Table 5 for #6206 (outer-race-

riding cage), the heat exchange efficlencies are nearly equal, Fig-

ure 179 shows the average value of nE in the high speed region as a

function of oil flow Q for #30BNT. From Figure 179, nE (%) and oil

flow Q (kg/min) are related by

_"_'" (91)

This agrees with Equation (14) for #6206 (outer-race-riding cage).
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_ABLE 16. HEAT EXCHANGE EFFICIENCIES OF OIL DR, np,

AND nE AND SHAFT SPEED UNDER VARIOUS OIL

FLOW RATES

(30 ° C inlet oil temperature and 50 kg thrust load)

Oil flow rate _m_

+'| 1 .....3 l.S 1 ' 0.72 0.44 0.22

•00,000 , 82.4 86.3 93.1 94.6 97.7 96.4
30,000 77 82.3 86.7 _.S 94.0 _.3
40,000 73,_ 8_.6 _,6 9_5 94.7 9_5
50,000 b7.9 76.7 IJ5.6 93.1 91.9 9_4
_o,o(x) _5 73,3 81.3 91.4 _Ll 93.7
70,000 62.5 69.6 74.2 64.8 81.1 90.3
75,OOO 90
80,000 lS_5 _7 69.:_ 79.2 • 7&7 9_1
_,OOt) 7KS
90,(_X) r_.8 64.1 _.8 74.0

97,000 66.4
100,000 tW,.$ qJg.l 23.0

(Table continued on followin_ page)
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TAI+,I+V, l._J (+',_+I+,tl_+u,d)

Shaft,. _pe._d ++++.+,++¢], w +,n+r.•. ka/mm
tl.. r---- ............ .......

, l., | l 0.,, + o.44 0.+

m,+-- m., I m,. m.+ .,, m.+
_.IX_ 8t.5 .%t._ I I_,? _.6 ++.5 95.0

: 4o,mv+ I+I._ M.+ [ _.7 _t.5 95.+ 9&+ "

50,ALIA 81.4 117.8 _,4 II$.3 _.:_ _17.2

I+O,Ixx) 78.0 1_.11 9+_.i+ 97.6 94.0 _lO.l
+ 70,(1_ 76.6 1t4,4 87.0 94.5 90.7 N.2

i_ 80,000 _,7 i+1.7 I 03.0 91.5 80.8 94.9

: _' 65,000 1 87.5

90,000 22.2 I_0 81.1 81.6
97,1_ 71

lO0,O00 '.. 91J 81.8 86.8

The cooling by oil is thus m
, it ,J ,

identical for #30BNT and #6206 .
o

(outer-race-riding cage), and 10_.........

the bearing temperature rise

is also nearly equal. As men-

tioned before, the wide dif- _ /iii

ference in the limiting dn

value of these two must then

be due to the different cage _
Oil flow Q (kg/mlU)construction technique, o

Figure 179. Heat exchange effi-
ciency of oil versus oil flow

7.9. Bearing Friction

Figure 180 shows the friction torque as a function of speed

for various oil flows, from the experiemntal data in Table 14. Fig-

ure 181 shows the friction power loss obtained from the friction

torque as a function of speed. The magnitude of each for up to

80,000 rpm is about the same as for #6206 (outer-race-rlding cage).

In Figure 181, with an oil flow of 3 kg/min, the friction power loss

in the neighborhood of 100,000 rpm speed almost reaches 6 PS, in-

dicating how much horsepower is consumed at high speed.

i
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i
| _ • •

Oil flow Q (kg/mln)

Q_S_"_ Oil flow Q (kg/mln)

=. . S/
_, _ . . .//- 75-f,. I

, i • * *' , _ ] ,
i

Shaft speed N (rpm). _ J]"
Figure 180. Friction torqu_ , . . -i'-'if-GbxlO o

versus shaft speed Shaft speed N (rpm)

Figure 181. Friction horse-
l_en inlet oil temperature is power loss versus shaft speed

varied from 30° C to 120 ° C, the

relation between the friction torque M and the oll viscosity at the

bearing temperature ZB, shaft speed N, and oll flow Q in the high

speed region can be approximated by

M_Z,O.,_._.- (92)

This is roughly the same as for #6206 (outer-race-rldlng cage). For

an outer-race-rlding cage, Just as for an Inner-race-ridlng cage,

the friction torque is governed by nearly the same equation, inde-

pendent of the bearing type, The friction torque is thus determined

by the cage guide type.

Figure 182 is a result of correlating with Equation (92) the

viscosity at the bearing temperature ZB for each point in Figure 180. I

It is clear that from 20,000 rpm to 100,000 rpm, the friction torque /lib

can be expressed by Equation (92), Figure 183 shows the similarly
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., _ °°

correlated result under the various thrust loads. Since the non-

velocity term Mp of frlctlon°torque becomes, fron Figure 184,

M,_.' (93)

the friction torque M (kg • cm) can De expressed as

M=7x*_'_.'+a 5X*_'Z_'_WLT_.u (94 )

where P It in kg, ZB in cP, N in rpm, and Q in kg/min.

The bearing friction power loss H B (PS) is from-Equazlon (9 5)

H,=9.Sx_-'_'N+*.2X_-"Z,L'_" (95 )

, 7.10. Equation for Estl- _c I......
i .matin _ Bearing . iV t ' ' P'_

' Temperature Rise _ 4

Although the equation " . -

for the bearing temperature _| _'0il _w Q (kg/llln)

rise can be obtained by as- _ _ _ _' u .i
_/ .J_" o 1 . ,

sumlng all friction power _ _ _ • A an .
loss in Equation (95) is '_ _ " _ ""1._ �Q_

removed by oil, it can be _ ! _

obtained, as in the previous _ _'_ " ., _r

chapter, from the approxlma-

tlon formula for the frlc- FigUre 182. Friction torque, vls-

tlon power loss. Figure 185 coslty, shaft speed, and 011 flow

is a result of correlating

Equati(n (95) for the friction power loss in Figure 181 with ZB0"4

N2'3Q 0"25 while FigUre 186 is a similarly correlated result for

various loads. Figure 187 shows the friction power loss as a func-

l0 ll , l0 ll 10 II
tlon of load for ZB0"4N2"SQ0"25 cf 1 x 2 x

,3x and

4 x i0 II obtained from Figure i_6 The friction power loss can

then be approximated by ._

" (96)
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where ZB is in cP, P in kg,

N in rpm, and Q in kg/min, _ a..... •

Just as for Equation (95) o Load P (k_!,

H:=7.V×10-uZ_.,_.:A,._.n(97) ' 4 I

If the bearing tern- _ s
cr

perature rise is obtained by °_
_3

using the same method as //L

for #6206 (outer-race-riding =o

cage), then from Equations _ 2O

(29) and (30), the following _ _ j• _ i i _ _ _ _
is obtained: Z_'a_u'(cP,,_,,_',_lu)

Figure 183. Friction, torque, vis-
(I) When TB - TI is cosity, shaft Speed, and oil flow

under various loads
small (15 -40 ° C),

/115
c_ '_ ......

[

(2) when'T B - T I is o_I° _ _ I __
_o !

large (35 - 120° C), _ o _ [

.... _ _ ..... :._, ......._
Load P (kg) •

"r,-'s_=_.sxIo-,2,,..-_-.,m._..e(99)

Figure 18_. Non-veluclty term of
friction torque versus load

The magnitude of exponent _.,

of each factor, and the change

due to the _ide of TB - TI in Equations (98) and (99) are nearly

equlvalent to Equation (86), which is the experimental equation fo_

the bearing temperature rise.

Figure 188 is the result of correlating with ZI0"29p0"IINI'65 • ,"

Q-0.45 of Equation (99), which holds in the high s_eed _egion or

where TB - TI is large, the bearing outer race temperature rise and ,,

in Figure 173. Although there exists some deviation at the low speed

of 20,000 rpm or 30,000 rpm, Equation (99) holds at high speed
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-- J, ..... i,,

,,..... , ,, .... >/////
A ._,_ . m Load P (kg

| ,_ ,,,_no../////.._Z////r_

"I ,/" " 77""--" O
111 "_ "

=: • _ !|'

o
i flow Q (k /mi_) o

• i "
o_ ,,IF , _, _ _.r.,_._.i.)

,_ ..,_r .. . .... : .Q._,.

o / • , o am : .......... Figure- t86..., l_._i._t.i.o.n '
....... _ .... horsepower loss, visc6sit'y ...........

_'H-_(_._/,i,) shaft speed, and oil flow

Figure 185. Friction horsepower

loss, viscosity, shaft speed, and of grea_er than. 140,000 rpm.
oii flow ............

At low sI,eed below 30,000 rpm,

m , it is natUrally expected to
_" 1_ '-....... _ ...... ; "

m. _'_%._-4_1e ' be governed b_ Equation (98).

_..--_-- _..;_ --- Figure 189 is a result of._ llxlO"

o_ _...o _x1_, cor_elatlng wlt_ ZI 0"29P0"II .
_ _ lx1_ NI'6_Q -0"_3 of Equation (99) /116o

, the bearing outer race tem-
O ..... ..... ! , .

Load P (kg) peratUre _ise TB - T l when the ii

Figure 18_. Friction horsepower speed is varied from /40,000
loss versus load for various con- to 100,000 rpm, oil flow from

dltions 0.22 to 3 kg/min, thrSSt load

from 25 - 200 kg, and inlet i

oil temperature from 30° C to 120 ° C. Equation (99) and the observed "

data agree very well. _

The observed data on the bearing temperature rise agree extremely

well with the equation calculated from the friction power loss and

the viscous friction law approximately holds for the dn value of up

to 300 x l0 _. It is important that a certain viscous friction law

holds, up to immediately befo2e failure, for the friction of the high
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speed roller bearing for Jet
, i ii i

_ lubricationconditlons, de- _._i _'_ ._'/I
i_' "spite the severe conditions _I . _AWc .i_ of hi_ speed and low-vis-

!_ 300x lO4. s

_ Oil f_;w Q (I:g/min)Z.ll. Conclusions for _

C_apter 7 ,_ _ u .

............ The major conclusions _ * _"

on the limiting speed and
u _

the bearing performance of _ ' "xl_.

......... the angular contact ball
Fibre 188. Bearing temperate,

bearing #30BNT are as rise, viscosity, load, shaft speed,
follows: .. and oil flow

O

(i) With both the o

H I" I I . • • I q l I * .

deep-groove ball bearing :_ /.

#6206 and the an_lar con- __ :.//tact ball bearing #17206, ,oE'_ (_-_)=_Ixle"_

the failure occurred in the _ " ""_ ..\ "_..""_" "

04 ...."_Cr_ i.
neighborhood of._._x ...... 1 _m_ J.a_2 _ _'I

lO4and 225 x , respectively, _ .. %"

and the dn value never o

l04 _.. :_
reached 300 x , even

when the oil _low was in- o ,!
creased. On the other hand, _ ;

#SOBNT, the failure co- _ I IM
with

curs at 83,000 rpm for oil .,_r'_H__nm,_

flow of 0.22 kg/min, and at Figure 189. Bearing temperature, _

90,000 rpm for 0.44 kg/min, viscosity, load_ shaft speed, and ..oil flow

but above 0.72 kg/min oll

flow, the failure did not ""

occur at the dn value of 300 x i0 _ and the i00,000 rpm speed. This

_ type of bearing is most suitable fo_ high speed operations, because
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o£ an outer-race-riding cage and an improved manufacturing precision

and large mechanical strength, due to one-piece construction.

(2) Aside from the limiting dn value,the bearing performances

of #6206 (outer-race-riding cage) and #30BNT are quite similar. This

is because both are of the outer-raCe-riding cage type, and the bear-

in8 performance is roughly determined by the cage guide type.

(3) The temperatUre rise from the inlet oil temperature TI to

the bearing outer race temperature TB in the region of up to 300 x 104

dn value can be approximated by

where ZI is the oil viscosity at an inlet oil temperature, P is thrust
load, N is speed, and Q is oll flow. Each smaller exponent corre-

. sponds to the larger value of TB - T I.

: (4) The horsepower absorption by lubrication oil H0 can be

• approximated by

i _ A%=Zt'_'F"""A_'_""_P a''a

The smaller exponents of Zl, P, and N, and the larger exponent of Q,

correspond to the larger value of TB - T I.

The heat exchange efficiency of lubricatinz oil nE can be ex-

pressed as a function of oil flow Q (kg/min) as I

(5) The bearing friction in the region of up to the 300 x 104 i

dn value consists of viscous friction, on the whole• The friction

torque M _g cm) and the friction horsepower loss HB (PS) can be

approximated by ,Ii_

*(i
.. H,=g.SxIO-'P'.'N+1.2X[O-'Za'._,-'W._P'.m 4

where ZB is the oil viscosity in cP at the bearing temperature, P is .i!,

in kg, N in rpm, and Q in kg/min. !
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(6) Assuming the entire frictional heat is removed by oil, the

bearing temperature rise can be obtained from the experimenbal for-

mula for the friction power loss as
%

Tj-_=ZSXI_fZ_.b_.._...Q-...

where ZI is in cP, P in kg, N in rpm, and Q in kg/mln. This estimat-

ing equation for the bearing temperature rise agrees very well with

the observed data.
v

CHAPTER 8. SUMMARY

The major conclusions from the experiments conducted to study

the limiting speed and the bearing performance of the deep-groove

ball bearing #6206 and the angular contact ball bearings #17206 and

#30BNT are as follows.

(1) There exist two dominant factors affecting the speed limit

of roller bearings. One is the limit in lubrication; in other words,

the limit impOsed by the failure caused by the piercing of a lubrl-

cant film. The other is the strength limit brought about by the

shortening of expected life by the centrifugal load of the roller

body and the mechanical strength of the cage. From experiment, it

was found that bearing failure at high speed always occurred at the

sliding friction portions o_ the race riding surface of the cage at

the side opposite the nozzle. Thus, it becomes clear that Cage i!"
lubrication is the factor which determines the limiting speed today.

./

4

(2) The relation between the limiting dn value and oil flow for

each bearing type is summarized in Table 17. As the problem at high

speed is that of the cage lubrication, the cage guide type, configu-

ration, and material greatly influence the limiting dn value. _

As is obvious from Table 17, an outer-race-riding cage is more i_i_

suitable at high speed than an inner-race-riding cage. Even though

both are of the outer-race-riding cage type, the limiting dn value
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TABLE 17. LIMITING dn VALUE AND OIL FLOW FOH
EACH BEARING TYPE

Limiting dn value (mm x rpm)

Oil

flow, Bearing type
kg/min

#6206 #6206 #17206 #30BNT
(outer-race- (inner-race- (inner-race- (outer-race-

riding cage) riding cage) riding cage) riding cage)_
i ,, .w , ,, ,_

o.:_. :._10× t_ l(_x IO' lg_Xto, :Mg'<l_l.
0.44 240 l,t_ IM "_1
.._ _'m ._ .-lO _ and ab ore
I 21_ I_ 2z_ mO and above
1.8 _5 _ ,,'-5 aoO and above
3 :m.q 1F_ :_ _ and above

of #30BNT is substantially greater than that of #6206, showing no

failure at the dn value of 300 x l04 with an oil flow of 0.72 kg/min,

- or more. This is because #5206 cage is of the rivet assembly type,

whereas #30BNT cage is the one-piece machined type which has h_gh

: precision and greater mechanical strength. Consequently, #30BNT

!;[ is best suited for high speed applications.

An inner-race-rldlng cage is disadvantageous for high speed /117

applications because oil has difficulty reaching the race riding su_-

face of the cage at the side opposite the nozzle, which is most sus-

ceptible to failure. Therefore, it is necessary to consider the con-

figuration which easily feeds oil to the race rlding surface of the

cage and the material possessing the greater resistance to abrasion

and failure. For example, the reason for the higher limiting dn

value of #17206 than #6206 in Table 17, even though both are of the

Inner-race-rldlng cage type, is that the latter uses high-strength

yellow brass as the cage material, whereas the former uses phenolic

resin, which has a superior wear resistance as cage material.

With an inner race-rldlng cage, it is possible to considerably in-

crease the limiting dn value by settin& up two nozzles 180 ° apart

I
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facing each other, thereby providing oil to the race rldlng surface

-_ of the cage most vulnerable to failure%, •

(S) The temperature rise TB - T I from the inlet oli temperature

_ T I to the bearing outer race temperature T 3 in the region of up to

the limiting speed is shown in Table 18 as a function of the oil vis-

cosity at the inlet oil temperature ZI, tl_rust load P, shaft speed N,

TABLE 18. (Ta-_)a_,_-6 .

Bearing type : a b c j d

#6206 (outer-race- I a_5 a _.*_ I._~LT I a4l_m
riding cage) I

#6206 (inner-race- J 0.4 _.S O._..,,O.S LS ~I.U I 0._,,,-0._
riding cage) I I

#17206 (inner-raCe-ridingcage) 1 O'S_'0"5I _m_'_ i l'O ~I'N I! _4t_._ _

#30BNT (outer-race- _ _4 _,-_o15 L4 _I._ _s
riding cage)

and oil flow Q for each bearing t)pe. The smaller exponent of each

factor corresponds to the larger va_ue of T B - T I. Z I is within the

range of 1.5 - ll cP, P within 25 - 200 kg, and Q within 0.22 - S

kg/min.

The exponents of Zl, P, and Q are all similar, an exponent of N

for an outer-race-riding cage is greater than for an inner-race-

riding cage.

(4) The horsepower absorption by oil H0 is shown in Table 19

as a function of ZI, P, N, and Q for each type of bearing. The

smaller exponents of ZI, P_ and N, and the larger exponent of Q,

correspond to the larger value of T B - T I. Compared to Table 18,

which is an equation for the bearing outer race temperature rise, "
i
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Bearing: type a b ': c d

#6206 (outer-race- I 0.)I_).4 I o.|_,.m ) t._1-.i,(_ ) 0.47.a,_)
ridln_ cage)

#6206 ,Inner- ac - I I o.,2-.o.,I i
riding: cage) !

g17206 (Inner-race- I 0.3-0.5 J ¢1.18,,,0._ ] 1.1--1.47 J 0.36,,,.0._
riding cage) )

triding cage) i t |
I

the exponents of ZI, P, and N are all similar, but the sign of the /II____8

exponent of Q is reversed and the smaller exponent of Q in the bear-

ing temperature rise, and the larger exponent of Q in the horsepower

aDsorptlcn by oil, correspond to the larger value of TB - @I' indi-

cating that under Jet lubrication almost all of frictional heat gener-

ated is carried away by oil.

:[

_._:,' (5) The heat exchange eff_clency of lubrication oil RE (%) as

a function of oil flow Q (kg/min) for each bearing type is shown in

Table 20. nE decreases with an increasin_ oil flow because the per-

centage of oil flow performing an effective heat exchange by actually

getting in consact with the bearin_ surface decreases when the oil

TABLE 20. HEAT EXCHANGE EFFICIENCY OF OIL nE

Bearing type : nE (_)
_ i,, ...... L

#6206 (outer-race-rldlng cage) ! m()-,._

#6206 (inner-race-rlding cage) I _Q.).o#17206 (inner-race-rldlng cage) , _k""
#30BNT (outer-race-riding cage) ', mQ.,.,
-- ,, , ,,, , , ,,,, i

Q: kg/mln

a_
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uupply is large. In Table 20, _E is greater for an outer-race-rldlng

cage than for aq Inner-race-riding cage, due to the greater penetra-

tlon ratio of an outer-race-rlding cage. Consequently, from the

standpoint off the cooling of the be%rlng also, an outer-race-riding

ca_e is superior to an inner-race-riding cage. .

Although the bearing outer race temperature rise becomes lo_er

with an increasing hE, the magnitude of nE is not necessarily related

to the limiting speed, the failure occurring on the race riding sur-

f'ace of the cage at high speed. For example, there are cases in

which, even if nE is increased by changing the nozzle position in an

Inner-race-rlding cage, the limiting speed goes down. Therefore, at

high speed, the penetration ratio should be enlarged to increase the

heat exchange efficiency of oll and, at the same time, oil should be

effectively supplied to the race riding surface of the cage at the

size opposite the nozzle, which is most susceptible to failure, so

as to reduce the bearing temperature and increase the limiting speed.

_ (6) Rather than simply being proportional to the product ZBN

'_ of oil viscosity at the bearing temperature ZB and shaft speed N,

a_ has been considered traditionally, the friction of the roller bear-

Ing at high dn values is exp_-essed as a function of ZB, N, and Q,

with certain exponents. Table 21 gives a summary of the experimental

equations for the bearing friction torque for each type of bearing.

The friction torque formula is approximately determined by the cage

guide type. The exponents of P and ZB are all similar, but the ex-

ponent of N is greater for an outer-race-rldlng cage than for an

Inner-race-rldlng cage. As an effect of Q is caused by the churning

resistance of oil inside the bearing, the exponent of Q is large When

the penetration ratio is large and sufficient churning occurs inside

the bearing. The fact that a certain viscous friction law still

holds under such a severe hlgh-speed, low-vlscoslty condition is

important.
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TABLE 21. EXPERIMENTAL EQUATIONS FOR FRICTION TORQUE

Bearing type Friction torque M (kg • cm)

#6206 (outer-race-rldlng cage) 7xlO-,_.,+_.Sxlo-,z,'.*.-'_.,_.,
#6206 (inner-race-rldlng cage) _3xl_'_.'+I0-'Zs'.'_._._
#17206 (inner-race-ridlng cage) 7.2xlo-'_.'+aSx10-'Zj'.'.'_.SP .t'
#30BNT (outer-race-riding cage ) 7x,O-'P'..+S.SxIO-,2,'.,N'-,_."

ZB: cP; P: kg; N: rpm; Q: kg/min

As is clear from Table 21, the velocity term of the friction

(_ torque becomes extremely large compared to the non-veloclty term at

_ high speed. A large influence of shaft speed and an extremely small

influence of load on the bearing outer race temperature rise are also

caused by this.

(7) If all friction heat is assumed to be removed by oil, the /ll9

bearing temperature rise can be obtained from the experimental equa-

tion for the friction torque. The estimating equations for the bear-

ing temperature rise at the high speed region thus obtained are shown

in Table 22. This estimating equation for the bearing temperature

rise agrees extremely well with the observed data on the bearing outer

race temperature rise under various conditions.

TABLE 22. ESTIMATING EQUATIONS FOR BEARING TEMPERATURE RISE

Bearing type Bearing temperature rise,

TB - TI (°C)
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Our study has investigated the limiting dn value and the bearing

performance of ball bearings with an inside diameter of 30 mm, but it

is naturally expected that if the type and the number of the bearing

differ, then the results would be different. We would like to further

study this area in the future.

In concluding, we extend our deep gratitude to Professor N. Soda

of the National Aerospace Laboratory of the University of Tokyo who has

guided us in this study. Thanks are also due to the members of the Na-

tional Aerospace Laborator_ M. Nishlmura, K. Usal (now with Marine

Research Institute), and T. Hatano (now with Shlmada Rikakogyo, In_.).

H. FuJli and M. Takahashi of FuJlkoshl, Inc., have contributed greatly

to the manufacture of the high speed roller bearing test equipment

and the test bearing.
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